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ABSTRACT

ANALYSIS OF THE 0,511 MeV RADIATION AT THE 0S0~7 SATELLITE

by
FHILIP P. DUNPHY

Observations of the 0.511 MeV positron-snnihilation gamma-Tray
by the UNH detector on the 0S0-7 satellite are presented along with a
- descriotion of the detector itself. Variables which affect the count-
ing rate for this line are diécuased. Local productidn is shown to
be important and a contribution from the Earth is found to be in
agreement with that measured by balloon-borne detectors. An upper
limtt flux of 7.6 x 107> photons em-2sec-l is obtained for the quiet
Sun and a positive solar flux of 6,3 x 10=° (i 2,0 x 10*2) photons
cmnzsec-l 1s obtained for the 3B flare of August 4, 1972. The width
of this annihilation line gives an upper limit temperature for the
annthilation region of ¥ 6 x 10° %, An analysis of‘the line width
and position alao shows that the contribﬁtion to the line from
pogsitronium annihilation is less than 100% at th§ 99%¢ confidence level.
An upper limit is also fﬁund for an isotrople coamic flux, This is

8 x 10=3 em=? sac"lsr-l.



I. INTRODUCTION
A, Agtrorhysical Significance of the 0,511 MeV Radiation

The gamma-ray line at 0,511 MeV is the characteristic radia-

tion emitted as the result of the annihilation of a positron and a
free electron at rest (see Appehdix 1). Astrophysicﬁlly, this
radiation is related to positrons in the same way that gamms rays

are related to energetic charged particles in general--they travel

- virtually directly from the point of origin of the particie reactions
without the intermediate magnetic field interactions and energy loss |
mechanismg of charged ﬁarticles. Becaﬁse the production of gamma rays
is a cnmpiicated process, in practice many purametgré of the intef-
actions must be known or hypothesized (fluxes, energy spectra, ambient
densities, etc.). Therefore, gamma ray measurements do not replace
cosmic ray measuremenfs but complement them in the same way that
‘measurements in other reglons of the electromegnetic spectrum do,

A gamma ray line at 0.51 MeV has long been observed in detectors
flown beneath high altitude balloons. This has generally been attri-
buted to positroﬁ production in cosmic ray interactions inrthe atmosphere
with subsequent annihilation, This source has alao been seen at
satellite altitudes. . The follouing section reviews these experiments
in some detail, _ ' |

Of greater astrophysical interest are poasible fluxes from
the Sun, from other discrete soufcas, and'frqn our galaxy as a wﬁole.

The quiet Sun emits a negligible amount of 0.511 MeV radiation

1



(Appendix I). Upper limits for this flux have been tabulated by
Chupp (1971) for experiments performed prior to 1969. The lowest
upper limit was measured by Haymes et al. (1968) and was 8,4 x 10~4
rhotons cm'zsec"l; furthermore, there was no evidence of any radis-
tion of nuclear Origiﬂ frumlthe éun at that time,

Present theoretical calculations (Cheng, 1972) show that
measurable fluxes of annihilation radiation from the Sun can only
be exrected during solar flare activity. Several workers have
caleulated positron production and annihilation rates for flares as
discussed in Appendix I. Different models can predict vastly dif-
ferent time characteristies (Chupp, 1971). The inﬁensity and time
dependence . of the flux depends on the initial proton energy spectrum
and the ambient particle density and composition. The time depend-
ence can also be affected by the‘magnetic field in the positron
deceleration region. The width of the 0,511 MeV line can feveal the
thermal velocities of positrons and electroné in the annihilation
region snd the formation of the positron-elecfron bound state
{positronium). Such measurements combined with megsurements in other
regions of the electromsgnetic spectrum and the detection of the
flare-related charge particles and neutrons can rive valuable knowledge
about the flare environment, |

Other extraterresterial discrete sources for which uppe?
‘limits have been given include. the Crab Nebula, the Cygnus and Virgo
regions, and Centaurus A (Chupp, 1971). 4 limit on an isotropic

flux which could mresumably be produced in our galaxy has been



published by Metzger et al. (1964). This measureﬁent by the Ranger 3
spacecraft gives a limit of 1.4 x 10~ phntons-cm-zsecnl. .
The hypothetical anmnihilation flux produced within our galaxy
and its significance has been discussed by Stecker (1969) and Ramaty,
Stecker and Misra (1970). Ramaty and Lingenfelter (1966) have treated

cosmlie ray interactions in the galaxy which yield positrons by the

+ + ,
T W e scheme, These positrons have initial energies

greater than 10 MeV, and their escape from the galaxy is an important
consideration in estimating the equilibrium positron flux, In
addition, the production and decay of positron-emipting,nuclei may he
an important source of galétic positrons in the range 0.1 to 10 MeV
(Verma, 1969). The intensity of the associated annihilation radia-
tion depends on parameters similar to those involved in solar flare
events, Positron production is a function of the primary cosmic ray
intensity and the density and composition of the interstellar gas.
The gquilibrium-positron intensity also depends on the energy loss
rate of the positrons (since they annihilate near rest) and their
survival time against annihilation and leakage‘from the gaiaxy.

The resultant snnihilation radiation frum the given direction ¢can then
be caleulated, knowing the amount of matter in the direction of
observation. Positive measurements ofy or limits on, such a flux
would add to knowlnge of the galactic cosmic ray flux and to the

distribution of matter in the galaxy.



B. History of Qbssrvations of Atmogpheric and

-Commic Annihilation Radiation

1. Balloon Observations

The measurement of low-energy-atmoapheric gamma rays began
two decades ago as a result of attempts to detect radiation from
extraterresterial sources, Experiments by Rest, Reiffel and Stone
(1951) and Perlow and Kissinger (1951) involved using Geiger-Muller
tubes in anticoincidence to detect gamma rays of energies < 4 MeV and
< 15 MeV, respectively. Subaequent balloon flights by K. A. Anderson
(1961) and J. I. Vette (1962) gained energy .spectrum information
between 25 and 1060 keV using unshielded NaI scintillation detectors.
The data of Anderson extrapolated above 300 keV agreed well with
rocket data gathered by Northrop and Hostetler (1961).

Improved spectral data was obtained by F. C. Jones'(1961)
using a balloon-borne CsI(TL) phoswitch detector surrounded b} a
4-cm thick passive lead éollimator and a J-cm thick lead shutter,

The energy loss specti*um In thias detector was divided inte 31 bins
between 0.1 to 2.4 MeV. No evidence of 0,511 MeV radiation was
detected; however, the presence of a large amount of unshielded lead
and the small opening angle of the collimator made detection of the
atmospheric speqtrum difficuli.

Numerous experiments have been méde with balloon-borne
inorganic scintillators with charged-particle rejection and a min-

imum of massive material in the vieinity of the detector. A



gamma ray line at 0.5 MeV attributed to positron annihilation was
first found with such a detector by L.E. Peterson {1963). Details
of the measurement, as well as oﬁhers of & similar nature, have been
~summarized bv Kasturirangan et al, (1972). Peterson's detector
consisted of a 5.1 cm dia. x 5.7 em long NaI{T1) - phoswich arrange-
ment flown in 1961 at 55° N geomagnetic latitude and an atmospheric
depth of 6,0 g'cm'z. The published intensity of the 0,51 MeV line
was 0,31 + 0.03 photons cm‘zséc'l at ceiling altitude, This was
later revised to 0.62 + 0.06. In 1962 an experiment was flown by
Trost et al, (1966) at the same latitude to a depth of 3.5 g ca™.
The detéctor was a 3,4 em x 5.4 em NaI(T1l) scintillator with a
CsI(Tl) collimator. The intensity at altitude was 0.60 photoﬁs
em™2gecL,

| Data at 47° N has been obtained by Rocchia et al, (1965)
during three flights in 1963-1964 to ﬁlcailiné of 5.0 g ™2, The
detector was‘an unshielded 4.4 em x 5.1 om NaI(T1) seintillator and
the measured intensity varied between 0,34 and 0.40 photons em-2sec-1,
A series of measurements have been made by Chupp ot al, (1970) =t
42° N with a variety of inorganic scintillators and‘shield configura-
tions from 1966 to 1968, A mean 1ntensify of 0.18 photons em™2sec™t
was obgerved. Haymes et al. (1969) have flown a 10.1 cm x 5.1 cm
NaI{Tl) detector surrounded by a thick (7.0 ecm) NaI(TL) active col-
limator. These investigators give an upper limit to the 0,511 MeV‘
intehuity of 0,2 photons cmfaseq-l atl42° N and 3.9 g em=2 in 1967,

An iﬁﬁermediate latitude measurement (27°N) was made by

Nakagawa et al. (1971) in 1970 using an unshielded 15 cm? Ge(Li)



detectﬁr. The result was an iﬂtensity of 0.12 # 0,03 photons cm~2sec™l
at 7.0 g cm'z. _Finally, & serles of balloon flights was done by
Kasturirangan et.al. (1972) near the equator (7.6° N} with plastic
shielded NaI(Tl) detectors. These flights gavé & réte of 0.08 * 0,01

‘2sec’1 ~2 residugl atmosphere. All of the above

—2)

photons om at 6.0 g em
results have teen normalized to a common atmospheric depth (6.0 g cm
by Kasturirangan et al. and plotted.to.give the dependence of the
(.51 MeV intensity on magnetic latitude.

The present experiment as well as other satellite experiments,
which are summarized below, eliminate the uncertainties involved in
cbrrecting for atmospheric depﬁh and in comparing the results from
detectors with different sensitiiitiés and angular responses, These
difficulties are explained in the papers of Chupp and Forrest (1970)

and Haymes et al. {1970),
.2' Satellite Observations

Gamma ray measﬁréments made on the Ranger 3 and Ranger 5
spacecraft {Metzger et al,, 1964) have given an indication of
the gemma ray environment in cislunaf space., The detector consisted
of a 2.#5 inch x 2.75 in. CsI(T1) scintillﬁtor-phoswitch combination
calibrated in flight with Co°7 and Hg®0? sources end pulse-height
‘analyzmiwitha32-channe1 analyzer with two gain modes. The detector
wags carable of being extended from the spacecraft on a 6-foot boom,.
with data taken in both the stowed and extended position. This permit-

ted evaluation of local production in the spaceecraft. The energy range

covered was 70 keV to 4.l MaV,



A small pesk at 0.51 MeV was found in the stowed spectra of
both detectors and was attributed to secondary production. No peak
was observed in the extended posiiion, giving sn upper limit for an
isotropic flux of ©.0l4 photons dm'gsec'l. These measurements were
made & distarce of 7 x 104 km to 4 x 10% km from the Earth, making
contributions from this source negligible.

Measurements in the 0.3 to 3.7 MeV range were made on the
Cosmos 135 and Cosmos 163 satellite during 1966 and 1967. The Earth
orbits had 600 km apogee and 250 km perigee with an inclimation of
49°, These experiments used 64-channel analyzera to sort the output
of a 4.0 em x 4.0 em NaI{T1) scintillatﬁr-phuswitch arrangement.,

Data in thé 0.5 MeV region has been described by Konstantinov, et al.
(1970}, giving positive evidence of annihilation radiation attrituted
té the Earth's atmosphere. The quoted flux Qaries with rigidity
between 0,05 photons em=2gec™! an& 0.2 photons em™ sec™t for rigidities
‘between 14 and 1 GV. No fluxes are quoted for other sources althbugh
Golenétskii et al. (1971) give upper limit values for the gamma ray
intensities in interplanetary space of 4.0 x 102 and 7.7 x 10~2 |
photons cm™2gee™! Mev~t _— in the range 0.45 to 0.65 MeV for two
different fits to the data. | |

An experiment similar to the Ranger series was placed on the
Apollo 15 and 16 space vehicles. The detectors-consisted of 7.0 em
dla. x 7.0 cm long NaI(T1) sciptillatora with plagtic ﬁcfive charged-

particle shields. 4 boom was used to extend the détectors up to
| 7.6 m from the edge of the apacecraft. After correction for space-

cra”t production and local absorption, there was a weak poéitiva flux



at 0.51 MeV of 3.0 + 1.5 x 102 photons cm~<sec™" (Trombka et al, 1973;
Paterson and Trombka, 1973). This corresponds tojan isotropic flux

of 2.4 £ 1.2 x 10‘3'photonscm'asec'lsr'l. This measurement seems
inconsistent with the Ranger upper limit and may be due to locally
produced positrons or low energy posifrnns of solar or cosmic origin

that annihilate near the detector (Peterson and Trombka, 1973).



IY. DESCRIPTION OF DETECTOR

A, Physical Description

The ﬁniversity of New Hampshire gamma~ray monitor on the 0SO~7
satellite has been described in the literature (Higbie et al., 1972).
The following will summarize the characteristics whiéh are important
in the accumalation and analysis of data at 0.5 MeV. The basic
detector is a 7.6 cm diameter by 7.6 c¢m high.cylindrical NaI(T1)
crystal hermetically sealed in a thin stainiess steel housing and
mounted directly on an RCA C31012 photomultiplier.

This assembly 1s‘shielded in the forward direction by a 0.5 cm
thick CsI(Na) slab and in all other directions by a CsI(Na)_cup of
2.8 cm average thickness and 3.8 cm thickness near the detector
(Figuré II-1). Charged-particle interactions in the shield above a
nominal threshold of 100 keV veto coincident interactions in the
detector. The shileld also éerves to supress the recording of Compton
scattering in the detestor by detecting the scattered photon, Events
entailing a 0.511 MeV escaﬁe gamma ray which interacts in the shield
are similarly supressed. The thickness of the shield is sufficient
to significantly attenuate gamma rays other than those entering the
forward aperture. A small X-ray detector covering the range 7.5 to
120 keV i3 included in the cumpartmént for the purpose of monitoring
solar activity. |

The detector is located in a segment of-tﬁe rotating wheel
gection of the 0S0-7 spacecraft. The detector faces radially &utward

with erystal and cup axes in line. The apin axis of the satellite is



X-ray - Calibration _
| , - ’m‘w source at end
‘ . X~-ray calibration - of light pipe)

(Am 241 light pulser)

-

N | R

Front slab

Cstl(Na_)‘ i

anticoincidence
shienl ‘

P

\Csl (Na)cu
enticoincidence
shield

3x3" Nal (T1) integral line crystal and
- photo multiplier assembly

Figure II-l., Schematic diagram of the ganmma-ray monltor showing the main
detector, charged-particle shield, X-ray detector, and calibration sources.
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normal to the plane of the wheel. Thus the fleld of view of the de-
tector sweeps around a great circls in the celestial sphere containing

the wheel plane with a period of about 2 seconds,

B. Detector Characteriétics

1. Energy range and resoclution

The energy range of the monitor is 0.3 to 9.1 MeV. The output
of the central detector is pulse-height analyzed by means of a
Quadratic Analog to Digital Converter (Burtis et al., 1972). The
channel n into which the pulse is directed 1s not related to the energy
loas E in the c¢rystzl in a linear way but by the function
E = o(nimg)?,
where ¢ and n, are constants. Since the energy resclution of the
detector (or the full width at half maximum of a spectrum peak due to
a gamma ray line)is proportiocnal to /5 (or FWHMo[ ningl),
and AE = 2c¢c(n+ng)4n, _
if AE is taken to be the FWHM of a peak, its width in channels n is
independent of energy. The quadratic analysis optimizes telemetry
and pulse height analyzer usage by giving equal widths to peaks
throughout the enersy range. The pulse height analysis cbfers 377
channels and the FWHM for peaks was chosen to be approximhtely 5
channels, The nominal eﬁargy range is 0.3 to 9.1.HOV but the gain
can be adjusted by command over a 6:1 range. The detector was designed
to glve an energy resolution oflappquimately o |
' AR/E = 7,58
at E = ,662 MeV wl-:lere AR is the FWHM,
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2. Photopeak sensitivity

The total intaraction rate R in a detectoer dus to a parallel

flux F incldent on the senaitive aréa,A 1s given by
| . R=Fea= Py

where ¢ is the total efficliency aﬁd ST iz the total sensitivity. When
a gamma-Tray pﬁofnn interacts in a detector it does not neceasarily
lose all of its energy. Compton scattering with subsequent escape of
the scattered photon or pair production with subsequent escape of one
ror both 0,511 MeV annihilation photons deposits only part of the
originel photon energy in the detector. The ratio of the interaetions
1e§ding to total enérgy loss to the total number of interactions is
called the photofraction f.

When the flux of a gamma-ray line causes a peak in the detected
apectrum, the counting rate in the peak is given bj

Rp = Ffeh = FSP

where Sp is the photopeak sensitivity., Values for the total sensitiv-
ity, photopesk aeneitiﬁity, efficiency, and photofraction for a 7,6 cm
by 7.6 em NaI(T1) crystal sre given in Table IT-l for & parallel besm
of 0.511 MeV incident energy (Heath, 1964; Neilef'and Bell, 1965). In
practice, the rotation of the satellite durihg data accumulation
modifies the reaponse to a parallel beaﬁ. This response, as measured
during detector calibration, is described below. The actual photo-
peak sensitivity of the detector for ékpoint sourﬁe in the center of
the field of view of fhe deteétor at saveral enérgiea is shown in

Figure II-2 (Higble et al,, 1973),
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TABLE II-1

EFFICTENCY PARAMETERS FOR 7.6 cm x 7.6 cm
NaT(Tl) CRYSTAL

Total Sensitivity (ST) 42 cm?
~ Photopeak Sensitivity (Sp) 25 @2

Efficiency (c) ‘ 0.92

Photofraction (f) 0.64

References: Heath (1964) and Neiler and Bell (1965),
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3. Angular Response

A response function for the 0S0-7 detector which includesa the
v@riation of detection senaltivity with angle of photon incidence has
been measured experimentally for several energies (Higble et al,, 1973).
Gamma-ray energles of 0,393, 0,662, 1.12, and 2,75 MeV were obtained
from the radicactive isotopes Snil3, ¢al37, Zn65, and Nazk; respec—
tively. Measurement of such response functions permit the unfolding
of continuum spectra and the calgulation of averags seﬁsitivities to
point sources. These functions are used in the present analysis. The
angular response of the present detector includes the varietion in
lock direcfion due to rotation of the satellite (2-second period)
while the detector is accumulating'datq. Mgure II-3 11llustrates the
variation of the sensitivity for a point source of energy 0.662 MeV
(03137), where the azimuth angle is the angle in the wheel plane between
the look diréction and the sﬁurce, and the elevation angle is the angle

between the source direction and the wheel plane.,
4. Time resolution

There are three modes of data readout giving three possible
accumulation times. In fhe normal mode, data is accumulated when
the detector is pointed wifhin 145° of the Sun. Because of the
satéllite orientetion, this solar scan always contains the Sun at its
center (Flgure IT-4). Data is also accumulated separately when the
detector 18 pointed within +45° of the antisolar direction. The data

accumulation thus defines a solar quadrant and an antisclar quadrant,
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The accumulaﬁion time for each quadrant during one spacecraft rotation.
i3 about 0,5 seconds becaﬁse é} the 2-second rotation period, Data
for each quadrant is summed =eparataly for 3 minutes of real time
before being read out,

In addition to‘thia J-minute time réSolution, fast scans of
30 seconds and intermediate =cans of 61 seconds are available on
command. These faster scan modes are pgrmitted by 1owering the
number of rulse helght chennels used, With proper gain adjustment,
the fast scan mode reads out only channels covering lines at 0.511 and

2.2 MeV and calibration linea of 0060'(983 section on calibration).
The intermgdiate scan also covers channels for lines at 4.43 and
6.13 MeV.

The detector can also be switched by cuﬁmand from the normal
quadrant mode (solsr-antisclar quadrants) to an alternate guadrant
mode in which data is collected when the detector.is pointed at right
angles to the solar direction. The section of the celestial sphere
seen in the alternate quadrant mode depends on the solar direction

and on the orientation of the spin axis of the spracecraft,
5. Housekeeping date

Information on the atatus of the experiment is felemetered
from the spacecraft during every scan. This informstion includes:
scan mode, quadrant mode, hizh and low voltage, detéctor and electronics
temperature, slab and cup counting rates, integfai counting rates for
energies between 0.3 and 9.1 MeV and greater than 9.1 MeV, automatic

calibration mode and magnetometer reference mode. Further housekeeping
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data is included in the main frame cycle which is sent back every
3 minutes. This includes: Day/night signal, status of electronic
ccalibration and radistion source callbration, and live time and dead

time information,

C. Calibration and Gain Stabllity

When the detector is in the calibration mode, an entire scan
is used to accumulate a spectrum from a Coeo'calihration source
located next to the central detector {Figure II-1). This calibration
method has been described by Forrest et al., (1972). Briefly, it
consists of a small plastic scintiilator button doped with Cob0 and
mounted on the end of =a lighﬁ pipe viewed by a photomultiplier tube,
The 0060 emits bets particles in conjunction with prompt gamma rays,
more than 99 percent of which are cascade lines at 1.17 and 1.33 MeV,
In the calibration mode, the pulses due to beta particle energy loss
in the plastic are seen by‘the photomultiplier and are used to gate
on the main detector and a calibration gpactrum 18 accumulated. In
the noncalibration (normal) mode, the detector is gated off by these
pulses and the calibration interactions are excluded from the data,
Since the efficlency for detecting the heta ﬁarticles is not 100
percent, being somewhat greater than 95 peréent,.there is some leakage
of the Co®0 radfation into all the data. A sample calibration spectrum
is shown in Figure TI1-5,

In the autﬁmatic calibration mode the Co60 spectra are ac~
| cumulated at every satellitelday/hight and night/day transition,

This mode can be inhibited and initiated by command from the ground.
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Amplifiers snd thresholds are alsc checked electronical}y by the
manual calibration command

The gain of the central detector is adjustable through the
variation of phototube high voltage which has two coarse adjustment
steps of 150 volts each, and 64 fine adjustment steps within each
coarse rangé.‘ Gain control allows for correction of gain loss due
to phototube aging and gives the option of changing the overall energy
range of the detector,

The stabllity of the gain can be checked by menitoring the
channel positions of the calibration peaks (1.17, 1.33, and 2.50 MeV
sum peak)., The satellite dawn and dusk calibrafion verify the stability
of the gain over the characteristic time of an orbit peried {about 93
minutes) or longer. Gain stabilitj for times between calibrations can
only be estimated by the position and width of peaks of known energy

(such as the Cob0 leakage peaks) in spectra summed over those times.

D. Description of Satellitse Orbit, Aspect, and On-times

The Orbiting Solar Ubservatory (080-5) was launched on
September 29, 1971. The orbit had the parameters listed in Table 1I-2,
An error in Delta injection produced an anomaious.accentric orbit
causing & pericdic variafion in the latitude of the apogee. The
UNH gamma-ray monitor wﬁs turned on at 0352UT, October 3; 1971 and
was fully operationsl at 2315 of the same day.

It was discovered soon after turn-on that the detector gain
wvas sevarely degraded during and after rassage through the South
Atlantic anomaly reglon of the radiation belta. This problem was

dealt with by turning off the detector during orblts that passed
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TABLE II-2

0S0 - 7 ORBIT PARAMETERS

Inclina t1ion 33.14°
Period 93.5 min
Perigee 330.7 lm
Apogee 574.5 ¥m
-4scending Node © 310,06°
Argument of Perigee 57.48°
Semi-major Axis 6830.8 km
Eccentricity 0,01.785
Mean Anomaly 201.93°
Epoch tlme 12:00 :00 UT

29 September 1971
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through the anomaly reglon. Using this technique, the geln was held
stable, though at a lower value than at the initial turn-on. The
chanqels containing the 0.5 MeV reéi;n remalined bel;w the.detector
thredhold until 1006 UT April 25, 1972, At this time, the gain was
raised until the threshold was at about 0,3 MeV, "
The detector usually operated in the normal qﬁadrant mode;

that is, data was gathered in the solar guadrant and antisolar (back-
ground) ouadrant, For about 4 hours every day the detector was switch-
ed to the alternate quadrant mode, Lor the next & hours the detactor

was off for rassages through the anumaly, after which time it waa

turned on Tor about 12 hours of operation in the normal guadrant mode.
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ITI, WMETHODS OF DATA ANALYSIS

A, Selection of Data Scans

The main limit on the data coverage in the time domain iz the
requirement that the detector be off during orbits that include passage
‘through the South Atlantic anomaly. The detector is off for this
reason about 25 peréent of the time. Addiﬁionally, data from a given
source cannot be gathered continuously because of the changes of
guadrant and aspect and eclipse by the Earth. For example, data from
'tke Sun is excluded in the alternate quadr&nf mode and during satellits
"nicht." The best_aspect for viewing the,Earthfs atmosphere is near
satellite "noon" end "midnight" when the detector look direction is
- along an Earth radius vector.

' The best time for measuring the contribution to the counting
rate from sources other than local production in the spacecraft is
when this loeal production is at a minimum. This minimum has been
found to oceur éoon after the apogee of the orbit reaches its northern-
most excursion (Figﬁre iII-l). This is because local background is
At its greatest when the spacecraft passes deep into the radiatiﬁn
belts, which happene when the apogee is in the southern latitides (in -
the vieinity of the South Atlantie Anomaly).

Measurement of the atmoapheric contribution should be doné
when the contribution from the Sun is negligible, For example, during
fha period of solar activitylfrom August 4 to August 11, 1972, a |

contribution from the Sun could be seen in the solar quadrant
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(Section IV, DL Furthermore, there was an anpparent enhnncement.uf
the flux from the atmosphere on August 4 about 8 hours after flare
maximum,

In addition to data 198t for the above reasons, some data must
be rejected because of noise picked up during telemetry tranamission,
Imoroper data can be recognized by warnings in the data analysis chain
and by nonstatistical fluctuations in one or more adjolning pulse-

height channels.

B, . Selection of the Peak Region

Because of the energy calibration whidh is done twice during
each orbit, the pulse height region whers the 0,511 MeV peak is
expacted to ocecur can be locited with some confidence. The calibration
spectra contain three peaks {Section II, C) which are used to caleulats
values for ¢ and ny in the euation

E = c(n+no)2. |
From these values the channe' number in which the ceﬁter of a 0.511 MeV
ﬁeak would fall can be calcuiated,

Tyniéal values for ¢ nre shown in Figure III-2,.which also
shows the time variation of o, The value of n, 1s taken to be
constant throughout (ny=80.2)., For this example, the center of the
peak is calculated to vary between channel 43.8 and channel 45.6 for

a 7 hour time span on April :7, 1972.
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C, TFitting the Continuum Background beneath Peak

1. Linear fit

A ?irst attempt at determining the counting rate due to a
0.511 MeV 1ine donsists of determining the excess of counts in the
peak region above an assumed "background", The qualitative behavior
of the 0,511 MeV flux can be seen merely by‘assuming that the back-
ground is a linear interpoletion between regions on each side of the
peak. Tﬁis fit to the data ié shown in Figure III-3. The background
1s taken to be the sverage of 7-channel wide regions immediately above
and below a 7-channel wide region centered on the peak. Figure III-4
shows the result of such a fit for a series of scans., Each point
represents a scan for which the average altitqde, rigidity and detector
live time is glven, A positive value for the excesa at 0,5 MéV above
the linear background implies the existence of & peak near that energy.
A coﬁsistent excess in the 0.5 MeV region above the background axists,
This shows that there 1s a peak at this energy indicated in the data,

even for individual scans,
2., FExponentisl Wit

Examiration of a sum of many scans reveals strong lines on
both sides of tﬁe 0.5 MeV region. This indicates th&t the localized
linear fit Aescribed above is not the most reasonable fit fo the
background. rFigure III-5 shows a plot of data gathered while viewing
the Earth, This spectrum is a summation of scans gathered over a

live time of 1701 seconds. \lso shown is the corresponding sum
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spectrum for the antiearth direction. The data shows numerous peaks
and é continuum which is fit to an exponential law pf the fcnm
| R = Ne *® counts-sec FMey ™t |
where R 13 differential counting rate end E is energy in MeV.
Mgure ITI-5 shows this fit for the Earth aspect, The fitting is done
for energies hetween .78 and 1.11 MeV where there appears to be a
minimum contribution frum strong lines. This energy regipn was aléo
selected because of its proximity to the snnihilation peak. An
exponential which fits the continuum well at a nuch higher energy .
will not do so in thié reglon because of the enirgy dependence of the |
e-folding energy. The region in the immediate vicinity of the an-
niﬁilatisn line cannot be used to fit the continuum because of the
existence of lines which can be attributed to 136&1 production in the
satellité. This attribution is made because the strength of the 1lines,
vnlike the 0,511 MeV line, is independent of the look direction of the
detector. Lines in this energy range are expected due to spallation
interactions in the detector and shield (Appendix II), as well as in
the rest of the spscecraft. These same interactions are also‘ekpécted
to give rise to an exponential continuum (Fi{shman, Appendix If). ‘
The sum spectrum shown in Figure ITI-5 is frcm'the 4~day ﬁeriod
25-28 April 1972 with scans characterized by the detector vidwing the
Enrth with satellite altitude less than 430 km and cutoff rigidity
between 8 and 12 GV, 'The effects of thaaa-ﬁaramatera are discussed
in subsequent sections. The least~squares fit spectrum shown in the
figure gives the constants in the exponenﬁialrlaw to be

| N =985 and k = 2,40 % 0.09 (Mev)-L
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A fit to the corregponding data obtained while locking away from the
earth gives the values

N =81.5and k = 2,27 £ 0.11 (MeV)"!
The corresponding e-folding energy of 0.4 MeV can be compared with
the valueldf 1 MeV for iaboratory producedlspallation continua
(Dyer and Morfill, 1971; Fisghman, 1972) ﬁnd the value 0,7 MeV in the
post-flight analysis of the Apollo 17 detector (Peterson and Trombka,

1973),

D, Determination of Rigidity Values

A parameter which has been found to be important in the'behavior
of the atmospheric annihilation line flux is the value of the vertical
cutoff rigidity Pc at the point of origin in the atmoarphere
(xgstufirangan et al., 1969; Golenetakii et al., 1971). The rigidit&
of a particle in volts is numerically equal to its mcmentum in aV/c
divided by its charge number Z, The characteristic cutoff rigidity of
a point near the Earth is the smallest rigidity which a cosmic ray
can have, and yet reach that point by penetrating the Earth's maénetic
field. Rigidity values in this paper have been obtained from the
rublication by Shea et al, (1968) where trajectory-traced P, values.
at the'Earth's sufface are tabulated by geographic latitude betwean
859N and 85°S in increments of 5 degrees and by geographic longitude
in increments of 15 degrees. Comparison between actual proton cuteff
rigidity measurements by Bingham et al. {1967) with somewhat less
precise earlier calculations by Shea and Smart (1967) show that |
calculated values are within 10 percent of the rmeasured values for

rigidities greater than X 4 GV,
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The rigidity npplied to each scan is the value tabulated for
the point on the Farth which marks the midpoint of the 3-minute scan
time. This average rigidity is interpolated where necessary from

the values tabulated by Shea et al., (1968),
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IV, RESULTS OF DATA ANALYSIS

A, Plén of Analysis

Previous satellite-borne gamma-ray experiments have shown thaf
their counting:rates are a contribution from several sources, namely,
local production from particle interactions, the active Sun, a cosmic
flux, and a flux from the Earth's atmosphere (for a satellite in Earth
orbit). The separation of the total rate into these component parts can
be done, at least partially, by investigating its dependence on various
parameters, This is the ﬁpproach taken in the following analysis.

Since the local praductionArate is not of direct interest, it
is minimized (but not eliﬁinated)by appropriate data selecfion. The
impoftant variables of‘a3pect, vertical cutoff rigidity, altitude,
gammﬁ-ray continuum rate, and charged-particle rate are then investi-
gated with respect to the counting rate due te the positron annihilétion
~lipe. These lead to the above-mantinned separation inte components.
Included in these components is a contribution from the Sun which
yields only aﬁ'upper 1imit flux for the quiet Sun. During the solar
activity of August 4 to August 7, 1972, houevér,'a positive contribu-
tion was measured. The significance of this 1line flux,'ité width, and

its energy are also discussed in the following presentation.
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B. Parameters Affecting 0.511 MeV Flux
1. Vertical Cutoff Rigidity

Preliminary snalysis of the data'indicated that rigidity
(Seetion ITI, D) is an important factor affecting the gamma ray flux
at satellite altitudes. This was to be expected frum.previous sat-
ellite and balloon measurements (Section I, B), It cah 59 assumed a
priori that the flux can also depend on various other parameters
including: altitude, aspect or look direction, time after exposure to
the radiation belt, exposure to the Sun, and changes in the cosmic
ray flux, among others. The difficulty in assessing the importance of
various parameters lies in holding all parameters, except the one of
intereat, conatant, while obtaining enough data‘to'give a statigtically
simnificant measurement,

For an investigation of the rigidity dependence, the remaining
parameters were treated as follows:

1. Altitude was not constrained in the analysis, A scatter dlagram
reveals that the average altitude is not correlated with rigidity

over the analysis ﬁeriod of four days so the rigidity variatibn is
| averaged over altitude,
2. Aspect was limited to orientations of the spacecraft such that the
intersection point of the center of the look direetion and the surface
of the Earth did not differ by more than 5% in are distance or about

1 GV in rigldity from the value in rigidity calculated as in
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Section III, D. This is less than the averapge change in rigidity
over a J-minute senn. o

3. Data was limltad to that takan23150 min, after passage through
the HouthrAtlantic gnumaly to minimize the contribution from short-
lived spallation products which could mask the rigldity dependence.
Also, data was only analyzed for a 4-day period of minimum background;
that is, for times when the apogee was in northern latitudes
(Section IIT, A},

4. The quiet-time solar contribution to the 0.511 MeV flux i=
neglieible (Section I, B) andldata obtained during periods of solar
activity have bean omitted from the rigidlity analysia.

5. Larpe changes in the charged-particle flux in the spacecraft
environment can be monitored by observation of the counting rates in
the charged-particle shield slab and cup. Timés when these rates
differed “rom quiet-time rates (such as periods of strong solar
activity) were omitted from the analysis.

After choosing the scans by the above criteria, they were
orouped according to rigidity (1 GV resolution), day/night status,
and solar/antisolar quadrant, The counting rate in the 0.511 MeV
peak was determined for each individual scan using a linéar fit to
the background as described in Seection III, C. It can be noted here
that Golenetskii, et al. (1971) used a similar approach with "Cosmos"
data, since the background is apparently taken as smoothly joining
the spectrum on both sides of the peak. -

Data combined acéording to Earth aspect, with solar/day date
added to antisolar/night data (antiearth data) and solar/night data

added to antisolar/day data (Earth data), is shown in Figures IV-l
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and IV-2. Again, this plot is cohparable to "Cosmos™ data which had
similar time (2-minute scans) and rigidity resolution although the
azsentially isotropic Cosmos detectors had no aspect criteria. Both
data wére also averaged over altitude, with an average altitude of
% 400 ¥m in both cases. The plotted data summarizes the 4-day
minimum backeround period (25 April 1972 - 28 April 1972).

It was noted In Section IIT that an exponential continuum is
8 more reascnable representation of the spectrum continuum than a
linear background. There is insufficient date to fit exponential
backgrounds to spectra summed over the L-daj period for single rigid-
ity values. for this reason, the sum of scaﬁs with fitted background
discussed 1n Section ITT was used to scale the rigidity dependence
~from a linear backgfound agsumption to an exponentisl background,
The basis of the method is illustrated in Figure IV-3, & is the count-
ing rate obtained from a linear fit to the background in the sum
spectrum; b is the background used for a linear fit; A is the total
counting rate ﬁnder a gaussian peak riding on the exponential back-
ground C. Once the relatipnship between g and A is found for the sum
.spectrum, 1t can be found for addition values of a and A merely by
varying the value of A and empirically determining the corresponding
value of a. This method is applicable only if the production peaks
on both sides of the annihilation peak do not vary with rigidity,
for then the value of b, which contributes to the peak, would not
vary linearly.with C. The correction is also-good as long as the
exponehtial bﬁckground C does not vary rédically in shape. Both of

these qualifications are met in the present analysis, The functional
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denenden~e of A on 2 is 4 = (1.21 a + 0,26) countg-sec™ " for Earth

aspect and A = (1,21 a + 0.,12) cquntsfsac'l_for antiearth aspeet,
Comparison of sum spectra show that the 0.511 MeV peak is in

both Earth and antiearth directions with a considerable excess seen

in the Farth direction (®igure ITI-5}. The counting rate in the anti-

L or8x10-3 photons cm“zsec'lsr-l) is

earth quadrent ( ~ 0./ sec™
considerably grester than limits put on the cosmic flux for this peak
determined by Metzger et al. (1964). Since positron emitters can be
expected from spallation products in detector and shield materisls

and since Metzger and others have seen an annihilation peak assoclated
with local background, we can tentatively identify the counting rate
seen in the antiearth direction with loeal production. The rate seen
in the Farth guadrant is thereforé local production plus the Earth's
contribution. In the following discussion however, the detéctor
sensitivity will be combined with counting rates obtained in the

Earth and antlearth directions to give an equivalent flux for compari-
son with other messurements, with the understanding that the Earth-
antiearth difference flux, in which local effects cancel out, is the
most.physically meaningful'quﬁntity.

For a transformation from counting faté,to flux for ény_de—
tector, the angular dependencé'of the flux must be included. The'
most reasonablg assumntioh fpr the'contribution‘fran Eafth's atmogs-
phere is an isStropic flux over the angle subtended by the_atmoéphere
(neglecting limb affects). The relation of flux to counting rate is

thqn obtained from

R=F/S (0, ¢)aQ
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-2 -1

vhere R is the counting rate, © is the flux in photons em™sr™ " and
8( 6, ¢) 1s the vhotopeak sensitivity discussed in “ection II, B.
8{ e, ¢) for 511 MeV photons was obtained by interpolating the
exoefimental values obtained at 0.393 and 0,662 MeV and integrating
-over angle to glve the valués of S shown in Table IV-1,

The equivalent Earth and antiearth fluxes calculated from the
ahove method are plotted in Flgure IV-4, 4 gimilar plot of fluxes
from Cosmos measurements are shoﬁn in Mgure IV-4. The original data
was plotted by the authors (Konstantinov et al., 1970) using the
formula F = N/S, ep Where * is £hetransformed counting rate-(cm'zsec“l),
N is the detector counting rate, ep is tha_photopeék efficiency, and
Sb is the peometric factor of their detector for an isotropic flux.
Por comparison mirposes, this has been transformed to an equivalent
flux by assuming the Earth to be an isotropic soﬁrce, subtending a
solld angle Qg E 1.3 7 at the average altitude 400 km for the Cosmos
satellite. | |

The above standard method of calculqting the isotropic sensi-
tivity and flux by comblining the geometric factor and the efficiency
for a parzllel flux appears to underestimate the flux by up to 50%_
a3 is shown in the work of Forrest (1969) ana.of Puskin (1970}, T£e
same method has been used 1n most of the;balloon experiments, the
results of which are discussed below. No correction for this effect

13 included in either the Cosmes 135 results in Figure IV-4 or the

‘balloon results in Figure IV-5,
: - P



TABLE IV-1l

DETECTOR SENSITIVITY AT 0,511 MeV FOR VARTIOUS

ASPECTS
Time Aspect Source Sensitivity
Day-night Earth Farth 37 emPer
Day-night Earth Cogmic~Isotropic 16 emPsr
Day-night ‘Antiearth Earth 3 em®sr
Day-night_ Antlearth Gosmié-IsotrOpic 50 cmzar,
Day Antiearth Sun 15 cn?

“fensitivity to an isotropic flux not screened by the Earth is

.53 cmzsr.



25-28 April 1972!
06} ' é 0S0-7, Earth Aspect -

I 0S0-7, Antiearth Aspect
. 2-12 Jonuary 1967
% Cosmos 135 {Konstantinov etal,i970)
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Figure IV-4. Equivalent fluxes for Farth and antiearth aspects for expo-
nential background. Also shown are results from Cosmos 135
(Konstantinoy et al., 1970).
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The rigldity dependence and flux indicated here can be compared
with a summary of results from balloon-borne detectors given by
¥asturirangan et al. (1972). The data plotted by Kasturirangan et al.
as é function of magnetic latitude is transformed to a rigidity
dependence as shown in Figure IV-5. Again this flux, derived from

balloon experiments, is divided by 3.87 , the effective solid angle
| due to the atmosphere at balloon altitudes near 1 MeV (Peterson, 1967).
This glves the flux per unit solid angle which is compared with the
flux coming from the Farth measured by the 0S0-7 detector. The 0S0-7
flux is obtained by taking the difference between the total "fluxes"
seen while looking toward and away from the Earth shown in Figure IV-4.
This removes the apparent flux due to local production. The leakage.
of a ffaction of the Earth flux into the antiearth quadrant is removed
by a first order correction to the data. This is given by the ratio
of the sensitivity of the detector to an Earth flux while pointed
away from the Earth to the corresponding sehsitivity‘uhile pointing
toward the Earth. This amounts to %aggagg; or 8%, Also shown in
Figure“IV—S are datg poipts for the ballooﬁnborne experiments from
which Kasturirangan et al, obtained the rigidity dependence of the -
flux, Details of these experiments are discussed in the introducﬁinn
of the present work. |

The agreement between the balloon measursments and the present
experiment 1a qulte good‘except for the anumﬁlnusly'low point at
4.5 GV in the present experiment., The satellite data also seems to
indicate a weaker rigidity dependence than the balloon data, This

may be due to the large opening angle of the satellite detector
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which samples a larger range of rigidity than does a balloon expesriment.
Since details of efficiency,raﬁgular response, and atmospheric depth
corrections are not clear-cut in the compilafions of balloon data,lit
appears to be more meaningful to compare the present exﬁeriment with

a balloon experiment fhat is as similar.to the present experiment as

possible. This is done in Section IV B 3,
2. Altitude Derendence

Another satellite parameter which might be considered a priori
as bheing of importance to the detector counting rate is the satellite
altitude. Specifically, the counting rate due to radiation from the
Earth in a detector with isotropic response above the Earth's atmosg=-
vhere should decrease as the Earth's solid angle for isdtropically
produced low-energy gamma rays (Peterson, 1967). It will be shown
5e10w that the counting rate variation due to altitude changes is
small and 1s consistent with the above model,

Figure ITI-5 shows 2 sum spectrum accumulated while looking
toward the Earth over a périod of fnﬁr days with the satellite
altitude less than 43 km during each scan, a mean altitude of 375 km,
and an average cutoff rigidity below the satellite of 10.2 GV.l A
similar sum spectrum was accumulated for the same period at altitudes
greater than AJD km, & mean altitude pf 472 km, and an average 
rigidity of 10,1 GV. The difference betwsen these spectra is shown
in ™eure IV-6 for 25-channel-wide energy bina, Also ahownlislthe
measured difference rate for the 0.51 MeV peak, |

Thelexpected or calculated rate for the‘0.51 MeV pesk is also

shown in the same figure, This was obtained by calculating the change
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in the covnting rate from the Earth that would be caused by the

change in =olid angle in moving from the lower altitude (375 km) to
the higher éltitude (472 ¥m). Ther~ 1s an expected decrease at 0,51
MeV of 1.2 counts/sec-MeV as compared to a measured increase of 0.4
cuunts/sec-MeV. When correction is made for the difference in
rigidity between the two altitudes however, the expected rate becomes
+0.1 counts/ sec-MeV which is within the statistical error of messure-
ment. In any case, the altitude dependence which is~ 3 percent is
apnreciably smallef than the rigidity devendence which causes a
counting rate varlation of iﬁ percent per GV at 10 GV and ~200 percent

variatioﬁ over the entire rigidity range.
3; Aspect

The Earth's atmosphere is known to be a source of continuum
gamma rays and an annihilation line (Appendix I). As a result, the
laok direction of the detector with reapect-to the BEarth is an
important paramsmeter affecting the counfing rate in the 0.51 MeV
region, The extent of this contribution is analyzed in Part B of
this section, Only the active Sun is an additional source of an-
nihilation radiation (Section IV, D) in thq'daia analyzed for this

work,
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C. Variation of 0,511 MeV Flux with Cutoff Rigidity

1. Correlation with Continuum Variation

Puskin (1970} ﬁas calculated that 85 percent of the ©,3 to
17 MeV rhoton flux at balloon altitudes (3.5 mb) is due to electrﬁn
hremsstrahlung. Most of the remsining flux is due to the C.511 Mév
line (10%) and scattered radiation from that line (5%). Since the
electrons causing this radiation are produced in reactions similar to
those yieldihg positrons, we can exvect the gamma-ray confinuum to
depend on the same parameters as the line flux.

" eure IV-7 shows the variation of satellite cutoff rigidity,
anticoincidence cup rate, and the integral gamra-ray rate (0,3 to 1,0
MeV) as a function of ‘time for a A-hour period on April 26, 1972,

The data noints cover times of good Earth aspect only.' The integral
rate data is plotted versus rigidity for this period in Figufe IV-8,
with roth Earth and antiearth aspect indicated.. Fach data point
corresronds to single scans and the counting rate is for the inte¢ral
rate ove; the energy range 0.3 to 1,0 MeV, This data can be compared
with the rigidity dependence of the calculated 0.511 MeV flux shown in
Fipure TV-4. Comparing the rigidity dependence of the line and the
continuum in the antiearth direction, for example, indicates a stronger
rigidity~independeﬁt component in the continuum; If the line rate 1is
plotted versus the continuum rate, the resultant curve can be fitted
with a linear reeression giving a residual continuum rate of 13 + 4 cts/
sec for zero line flux, This residual rate is local production rather
than coamic in b:igin hecanse the coshic flux seen by Apollo 15 (Feter-

aon and Trombka, 1973) would contribute 2,5 cts/sec at most, The
existence of rigidity independent local background is not unexpected
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since Figure ITI-1 indicates that the long-term (and therefore rigidity-
indepegdent) variation of the gamma-ray counting rate depénds on energy.
The combination of such long-term production effects with prompt rigidity-
dependent effects make the interpretation of such procedures as extra-
polation to zero rigidity difficult.

Also shown for comparison in Figure IV-8 is the rigidity
dependence for 0,5 to 1,5 MeV gamma rays-for the 0S0-1 detector
(Peterson, 1967). The 030-1 counting rate is normalized to equal the
0S0-7 counting rate at 8.3 GV. The obviously weaker rigidity dependence
in the 0SO-7 probably indicates a somewhat larger rigidity independent

component in the present experiment,
2. Correlation with Charged-Particle Flux Vartation-

Fleure IV-9 1s a plot of cup rate versus cutoff rigidity for
the same scans used in the previous plqt of the gamma-ray continuum
variation, Tt should be noted that this charged—particlershield is
also sensitive to gamma rays giving an epergy loss of 100 keV or more
in the cup, Therefdre, the plot incorporates the variation of locally
produced pamma rays as well as charged particles. This plot shows a
atronger rigidity dependence than either the annihilation line or the
0.3 - 1.0 MeV continmmm. This is consistent with the existence of a
substantial rigidity-independent local production contribution to both
the annihilation line and the gamma-ray continuum. ’

The figure also shows the calculated figidity dependenca for
the 0S0-1 detector rate on cosmic ray singles events and on 0,5-1.5MeV

gamma-rays (Peterson, 1967). Also 1nc1ﬁdad is the latitude dependence
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of ‘the equilibrium albedo neutron flux calculated for solar minimum
by R. E. Lingenfelter (Peterscn, 1967). All rates are normalized to

equal the 030-7 cup rate at 8.3 GV.
3, Rigidity Variation and Components of the Flux
a, Contribution of Atmospheric Flux

The measursment of different counting rates in the 0.51 MeV
region of the photon spectrum when loocking toward and away from the
Earth indicates that there are comparable contributions to the counting
rate from local production and from gamma rays from thalEarth's.atuoa-
shere. Section IV, B shows the variation with rigldity of the local
production rate (antlearth direction) and the sum of local production
and the Farth's contribution (Barth directinn) The contribution to
the annihilation line from a cosmic backgrnund is expected to be small
(see below). The correctness of assuming that the difference in counting
rates is indeed due to a contribution from the Earth'g atmosphere can -
be substantiated by calculating this difference rate and comparing it
with measurements of the atmospheric gamma-ray flux ma&e with balloon=-
borne detectors. |

The difference spectrum shown in Figure IV-10 was obtained from

scans accumulated between April 25 and April 28, 1972, that is, it is
tha difference between the earth and antiearth spectra shown in

M gure IT1-5. The spectra were gathered at cutoff rigiditias between

8 and 12 GV and at altitudes between 320 and 430 km. Only scans for
which there was good Farth aspect were chosen., The spectra obtained

looking in the Earth direction and those obtained looking in the anti-

earth direction were summed separately. The total live time” for these
sum spectra im about 30 minutes, representing a real time of about 40
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Figure IV-10. Difference between the Earth and antiearth
spectra shown in Figure III-5. The only significant
feature 18 a peak at 0.51 MeV.
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minutes, Figure IV-10 is the difference between the Earth sum apectrum
and thgrgntiearth sum spectrum with each point 1p the differential
counting rate spectrum repfesenting an average over the number of
pulse-heighf.channels indicated. The difference spectrum shows a
consistent excess in the Earth direction over the éntire range of
energiés.

The only significant feature in the differénce spectrum iz the
peak at 0,51 Mev. This peak is well fit by é Gaussian curve with a
mean energy of .516 MeV and a full width at half maximum ( %g.) of
8.8 parcent. This is in good agreement with the annihilation line
energy of 0,511 MeV and detector resolution of 8.8 percent at this
energy. The counting rﬁte for this line amounts to 0.41 i 0.06
counta/sec and is about six standard deviations above the contimmm
background, This implies a contribution from the Barth of 0.44 + 0.06
counts/sec when the Leskage of 8 percent of the Earth flux into the anti-
earth quadrant is accounted for {ef, Section IV Bl.). The continuum

can bae fit below 1 MaV by a power law of the form
. 0.52E "’3-1(i 0-5)

counts/sec - MoV
and above 1 MeV by a power law of the form

-1.6(% 0.1)

0.678 counts/sec ~ MoV

A similar difference spectrum for altitudes between 430 Qnd 530 ¥m
shows a power law dependence of g-2.1(z 0.3) below 1 MeV and E"]"?(t 0.2)
above 1 MeV,

 The gamma-ray continuum, unlike the annihilation line rate,
receivea an appreciable contribution from the diffuse cosmic gamma rays.
In obtaining the difference apecirum in Figure IV-10, the coamic con-

tribution is, in effect, subtracted from Earth's contribution. In
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order to obtain the actual Earth contribution, the effect of the cosmie
contribution must be caleulated and added on to the difference spectrum.
The measurement of the cosmic fiﬁx-by Aﬁollo 15 (Peterson and Trumbka,
1973) has been used for this calculation. The reault is a counting rate
from the Earth of

- C,
L3 E 2.6(2 5)

counts/sec - MeV
below 1 MeV and

1.3 E"]"B(i O’z)counts/éec - MeV
above 1 MaV. Since messurements of thec osmic flux by different groups
differ by as much a factor of 2 in this energy range, the above result
cannot be congidered exact.

To compare these line and continuum counting rates to measure-
ments made in the atmosphere, it is easiest to use data from a detector
with isotropic response and the same size and material as the UNH
detector. The counting rate for such a 3" by 3" Nal scintillator
flown in the atmosphere by L. Peterson has been published in the 1iter-
ature (Gorenstein and Guraky, 1970). This spectrum is similar in many
reapects to the diffarence spectrum‘deacribed above. ‘It consists of a
continuwm which.can be‘describod below 1 MeV by a power law of the form

0.4,3‘2 counta/cm<-sec-MeV
and above 1 MeV by

0.4 E"l'scounta/bmz-sec-nev
The only feature 1sra clearly resolved pesk which was assumed for
energy calibration to be the annihilation peak at 0.511 MeV. The value
given for the counting rate in the peak is 0,060 f 0.003 counts/cm?see.

Uéing the geometric factor of the‘iéotropdc_dgtectar of 67 cmz, this 1a



aguivalent to 7
0.060 x 67 = 4.0 eounts/sec
Tn order to compare this to a measurempnt at sateiiite altitude, a
correction must be made for the different solid angles seen by eﬁch
detector, At balloon altitudes, the effective solid anglé vhich the
atmosphere subtends at an isotroplic detector is about 3.8 1 steradians
(Peterson, 1967). The effective solid angle for the UNH detector at
N,51 MeV 1a about 14 steradians (gorresponding to a cone of 60° half
angle), A fﬁrther correction mist be made for the change in rigidity
between the balloon position (4.5 GV) and the average satellite posi-
tion (10 GV). This corresponds to a decrease in counting rate of
approximately a factor of 2 (Figure IV-5), There is also a amall cor=
rection for the attenuation of the fiux due to the front slab on the
UNH detector, This amuuhts to a factor of 0.8, The balloon measure-
ment an corrected to the satellite positign becomes |
| 4.0 counts/sec x %fg%% x % x 0.8 = 0.4 counta/sec

This agreas very well with the measured value of 0.¢4 + 0,06 ets/mec.

The energy dependence of the continuum also agreds well for
both measurements -- a power law dependencﬁ with a break at 1 MeV, A
comparison of the absolute rates for the continuum at 0.51 MeV gives
11 cts/sec-MeV for the corrected balloon rate compared to a meaaufed
rate of76.8 cts/sec-MeV, The greater rate at balloon altitudeé eould
be due partly to a lack of the Compton suppression capabllity whicﬁ
the UNH detector has. There may also be appreciable local production
in the balloon experiment. |
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b. Contribution of Local Production

Tt will be shown in the section folluuing.this one that the
0.511 MeV cuﬁnting rate observed while looking away from the Earth is
much greater than that expected from th§ upper 1imit for an isotrople
cosmic flux obtained by Metzger et al. (1964). The observed rate can
therefore be 1dentified with locai production. If we consider the
annihilation line counting rate averaged for 8-12 GV using the ex-
ponential continuum background calculated in Section III,C, the rate
for the Earth quadrant is 1,08 cts/sec, while the rate for the anti-
earth is n.sé cﬁa/bec. We can identify the difference of
0.52 + 0,10 cts/gec with the atmospheric flux from the Earth. This
last value agrees fairly well with the value of 0.44 % 0.06 cts/eec
obtained in the previous seption by fitting the continumum in the dif-
ferance spectrum where no correctloﬁ from linear background aasumptibn
to exponenﬁial background assumption had to-be made. The'agreemeﬁt
between the two methods gives us confidence that no sighificant errors
are introduced in the transition to the'exponehtial background assump-
tion, _ ,

It should be noted that the local production {or antiearth)
counting rats varles with rigidity; Tﬁis rigidity-dependent part can
be identified with prompt production. However,Ktha long-term va?iations
geen in the data imﬁly a contribution that uill_rqmain essentially
constant over the period of analysis. It is reasonable to 1dantify
this contribution with the value obtalned by extrapolating the antiearth
counting rate to the rate which would be aﬁsociated with a null charged-

particle cup rate, Using a linear extrapolaticn, of the 0,511 MeV rate
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va, cup rate to zero cup raie, ve get a value of 0.25 cts/sec for the
rigidity-independent production bsckground. Local p¢o¢uction

. therefore appears to be diviaibie into a rigidity-dependent portion
associated with prompt production and a non-negligible'rigidity in-
dependent portion probably caused by long lived isotopes, This component
will, of course, depend on the epoch of satellite history in wﬁich the

data 12 analyzed,
¢. Contribution of Cosmic Flux

The possibility of a measurable lux of annihilation radiation
being produced in thé.galaxy 1s discussed in Appendix I. #n isotropie
flux éannot be differentiated from local production in the present
detector because neither will show a directional dépendence; Prompt
production due to cosmic'rays should show a dependence on the cutoff
rigidity which characterizes the point in the satellite orbit at which
a spectrum is mceumulated. Long~-lived 1sotop§a produced by cosmic rays
or tr#pped pﬁfticlea should reach a quasi-equilibrium condition, however,
which will be independent of the short-term rigidity changes. For this
reason, only an upper limit can be placed on an isotropic coamiclflux.

Perhaps the most conservative value fﬁr an upper 1limit countiné
rate due to s cosmic flux is the rate measured af high rigidity when the
detector is pointed away from the Farth, It is at this time that the
contributions from the Earth and from pfumpt production ére at a minimum.
"rom the rigldity variation of @he.0.511 MeV counting rate as presented
in Section IV, B, the rate aﬁ high rigidities_ (il.-f? GV} in the anti.—
earth direction is about 0.4 counts/sec, The sensitivity for an

isotropie flux from the solid angle excluding the earth is 50 cm2 :
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steradiahs; This gives an upper limit value for an isotropic cosmic
flux of R x_10'3 photona cm™2 sec~lar~l, The 1imit placed on this

flﬁx from the Rﬁnger 3 gamma-ray detector was (Metzger et al., 1964)
0.014‘phntons em2 sec-l or 1.1 x 10~3 photons em—2 sec~l ar-1 fpr an
isﬁtropic flux. The 0S0-7 limit is also consistent with the Apollo 15
measurement of (3;0 +1,5) x 102 photons cm—2 see~} or (2.4 +1.,2) x
103 photons cm™ sac;l ar~l (Trombka et al,, 1973). Here we note that
the Ranger -3 1imit implies a maximum contributlon to the 0SC-7 counting
rate of 0.055 counts/sec which is small compared to the contribution

from the Earth's atmosphere of about 0,4 counts/sec,

D. Solar 0,511 MeV Flux

1. Limit for the Quiet Sun

The UNH detector gathers data in opposite quadrants virtvally
asimultaneously. This provides the possibility of anslyzing the datﬁ
for a di"ference in counting ratem in the two directions. The Esrth
proves to be a gamma-ray source using this method. In a search for
pther sources, the difficulty presents itself‘of choosing "backeground”
date which can be subtracted from "signal™ data. Typical pairs of acans
. contain one which views the Earth, either in the background qﬁadrant
during the day or in the solar quadrant during the night. fny counting
rate from an extraferregtrial sburce.wuuld be "washed out” in a dif-
ference spectfum by the relatively‘strong Barth flux in the oppbsito.
quadrant, _ _ B

The above diffioulty can be.overoume by choosing the_"aigﬁal"
and "baokgrouﬁd" data to be gathered while the detector is looking

tangent to a surface concentric to the surface of the Farth, In this
case, the Earth's contribution to the counting rate willl be equal in



both directions as long as the angular response of the detector is
cylindrically symmetric; which is a good approximation in the present
case, The rate due to local production will also be eiiminated in a
difference spectrum since 1t will be equivalent in both directions.

The Sun is a good candidate for.analysia by the above method.
When the detector is operating in its normal mode, the Sun is positioned
in the center of the solar guadrant, and the background quadrant viéwa
an analogous sector of the celestial sphers 180° away from the solar .
direction. The look direction is tangent to a sphere containing the
orbit twice every orbit, and data obtained at these times can be
evaluated for a solar contribution,

'In-general, the look direction for such scans is not perfectly
tangent to the orbit. If we define T to be a unit vector in the 1ook
direction ﬁnd R to be a‘unit vector pointing frnm'the satellite to the
center of the Earth, then the angle which defines & scan to be tangent |
to a sphere Eontaining the orbit is _

-@ = cos L (L - R) = 90°
This can be called a "limb" scan. Since a scan is accumulated over a
perlod of three minutes, we can guarantes that two such."limb" acans
will be‘acouﬁulated each orbit if the range in o is taken to berabout
10°. In practice, a limb scan was defined as one for which 84° < o <
96°. On the average, the Earth will contribute equally to & sum of soler
"1imb" seans and to a sum of background "limb" scans 1f the éverage
value of © _foi- the aum is  ~90°, |

Limb apeotrs were obtained for the 5-day period between 14:51 UT
on April 25, 1972 and 14:14 UT on April 29, 1972. The solar and anti-

solar scans were swmmed separately and the difference between these sum
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spectra wss taken as shown in ?igure IV-11, This shows the solar sum
spectrum minus the antisoclar sum apectrum and comprises a live time of
%1?00 sec. The dat; isrcollected into 25—uhannel-widelbins.and the
errors ghown are the 1¢ errors due to counting statistics. The
mean value of © for these scans is 89.60. No significant excess ia
seen in the solar direction., This null result allows an upper limit to
be put on the gamma ray flux from the Sun at thie time; In order to
get‘an upper limit “or the 0.511 MbV_lina contribution from the Sun,
we can take a 5-channel region centered on this energy. This wonld
include about 85% of the counts from a hypotheﬁicgl solar line flux.
The excess rate in the solar diraction in this energy region 1s 0,015
counts per seoond.  Using the detector senaitivity of 15 cn? for a
point source at 0.511 MeV, this gives an exéess of 1,0 x 103 photons/
en? sec from +he Sun with a 1 o srror of 3, 8 x 102 photons/ cm< sec.
A gimilar analysis can be performed for the energy region
centered at 2,23 Mev, the position of a poasible deuterium furmation
line “rom the Sun. In this case an excess flux of 2.1 x 10~3 photons/
cm? sec is seen in the entisolar direotion with a 1 ¢ error of
2 x 10-3 chotona/ eme sec, These limits are compared with previous
searches for line rediation in Tables IV-2 and IV-3 (Chupp, 1971).
The limits for thia experiment are taken to_be the 2 ¢ statistical
error which implies a null result at the 95% confidence level. It can
also he noted that the limits 4n this'experimenﬁ are somewhat stronger,
since they include both-line.and continuum-rﬁdiation at fhe respective
enérgies. Poasible contributions from known Qiscreto gamma ray sources,
the Crab Nebula and the galactic center, are negligible at these energiea,

be;ng less than 1 x 10~3 photona/bec-cmg,in both cases.



Date
5-2-61
6-1N-62
11-2-67

-68

68

4~24-68
4=72

TABLE IV - 2

SOLAR UPPER LIMITS (0.511 MeV)

Flux (cm'zsec"l)

1 x 107}

1.3 x 10f2

(7.5 - 26) x 1073
8.4 x 1074 .
77 x 1073

(1.1 - 4.8) x 10-2
7.6 x 1073

Refgfenca:‘ Chupp (1971).
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Experimenters
Peterson

Frost et al

Chupp et al

Haymes et gl

Womack and Overbeck
Chupp et al

Presént work



TABLE IV - 3

SOLAR UPPER LIMITS (2,23 MeV)

Flux (em—2sec=1)
5 x 10=3
4.5 x 10~2

4.2 x 10_3

Reference: Chupp (1971).

Experimenters
Chupp et al
Womack and Overbeck

Prasent work

68
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2. The Active Sun (August 2 to Auguat 11, 1972)

On August 4, 1972 a 3B solar flare occurred while the UNH
detector was in normal quadrant mode and during satellite "day". The
H flare began at 2b621 UT, reached a maximum at 0638 UT, and ended
Y 0852 UT. Gemma ray line and contimum radiation were obaerved in
the solar quadraﬁt hetﬁeenlthe beginning of the flare and the passage
of the satellite.behind the Earth at ~ 0633 UT (Chupp et al., 1973).
Spectra in the 0.5 MeV region obtained prior to the flare and

after eclipse by the Earth can be compared with the flare—time spectrum
. {0623 to 0632 UT) in Figure IV-12. A pesk at 0.5 MeV is evident in

the flars data along with an energy—d;pendeht continuum. Similar
spectra at higher energles show a strong line at 2.2 MeV and weaker
lines at 4.4 MeV and 6.1 MeV. The preduction of features aeeﬁ at this
time have been predicted to occur during solar flares from theoretical
calculations (Appendix 1,C).. These fegtureé'include a continuum
produced by electron bremsstrahlung, a line at 0.511 MeV due to positron
annihilation, a line at 2.23 MeV due to deuterium formatien, qnd lines
at various eﬁergies‘due to inelastic proton acattering on light nuciei
(including lines at 4.43 MeV and 6.14 MeV from excited C12 and 016), -

Another 3B flare occurred on August 7, 1972, cﬁuméncing_at

N 1500 UT during saﬁallite night. Enhancampnts at O;S'Mbv-(Figure V-
13) and 2,2 MeV uerq'saen in- the scolar quadrant at the beginning of |
satellite day (1538 UT) and lasted until about 1547 UT.. Fluxes ﬁb-.

tained during these flare times ars summsrized in Table IV-4.
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Flgure IV-12. The gamma~ray pulse height spectrum for
the energy region L35 - 615 keV on August . b, 1972.

The H, flare began about 0621 UT and the satellite

- was- occulted by the Earth at about 0633 UT.
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TABLE IV-4

MEASURED ENERGIES AND FLUXES OF LINES

AT 0,51 AND 2,2 MeV AT 1 AU

Time of Flare
Obszervations

August 4, 1972
(0623 49

3:49-0633:02)UT

August 7, 1972
(1538:20-1547:33)UT

Energy

510,7 + 6.4 keV

2.24 10,02 MeV

508,1 + 5.8 keV
2,22 +0,02 MeV

Flux (photons em=2sec

72

(6.3 + 2.0) x 102 _

(2.80 + 0.22) x 10-1

-1y
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‘The possibiliity of observing thermal D.ppler brosdening in
gamma=ray lines praduced during solar flares his been discussed by
Kuzhevskii (1969} and Cheng (i§72). The obaer-ation of these lines
by the 0°0-7 satellite allowa a 1imit to be pu*ron thermal brozdening
and, there”ore, on the temperature of the plasra in which these lines
are produced,

Line broadaning at 0,511 MeV due to the thermnl velocities of
annihilation of positrons and electrons is approximately (Aller, 1963

Stecker, 1969).

(AEI N IZkT(ln2)

) 11/2
Ey"TH - mc2

where k = 8,6 x 1077 eV/°K is Boltzmann's constant, T is the tempera-
ture of the plasma, and me? is the rest energy of the electron. In
additlon to the wilening of the line at its sovrce, a further broaden-
ing is introduced by the statistical nature of the detection and
amplification process. PFigure IV-14 shows the dependence of the
resolution on the gamma ray line energy for various radiocactive
sources during prelaunch tests. The data are fit by the function

(2EYy 2 p.063 g, 0.5

EY)DR - MeV

" where (A?iY)DR is the full width at half maximum (FWHM) of the line
data, N

™ gure IVA14 shows the FWHM of the lines at O, 5 and 2,7 Mbv :
obqerved durlng the August 4 flare as well as the FWHM oP 0060
calibration 1ines observed before and after the flare. The FWHM's
were obtained by subtracting the baékgroﬂnd quadrant data from solar

guadrant data, and then subtracting a fitted continuum from the data
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and fitting the remaining peaks with Gaussian curves. The exsct
form of the continuum was not critical to the results, but a power
law below the n.5 MeV peak fit the data best, The fit to the flare
N.5 MeV peak with 7 Gaussian of width 0,074 is shown in Fipgure IV-15.
The agreement of the inflight calibration data with the prelaunch
tents indicate that the defector resolution was normal at the time
of the flare. Within the uncertainty of the line width determination
{15 =0.014), there im no additional broadening due to thermal
effects at 0,5 MeV, The fact that the measured width (0.074) is
less than the expected width (0.088) seems to be consistent with the
uncertainty of the measurement,

'@ can calculste an upper limlt to the thermal broadening

from the resolutions whlch should be combined in quadrature,

(AE)z _ +AE 2 AE 2

Erorar = TElvw * F)or

A null contribution from (—é—E-—)TH is indicated by the data, so tre
upper limit to the temperature is obtained from the above ecuation if
the maximum or uppsr limit value of ( A%")TOTAL is used. At the

95 percent confidence level, this value is
(LE)

% = 0.088 + 0.G28 = 0.116

TOTAL MAX

wHere 0.028 is the 20 uncertainty in the measurement. The Gaussian
fit to the data for this donfidence level is shown in Figure IV}ISJ

At the 99 percent confidence level

AE o
("8 rorar max = 0-088 + 0.042 = 0.130

where 0.N42 is the 3; uncertainty in the measurement.
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The flare pesk at 0.51 MeV and the best fit
Gaussian curve with a FWHM of T.4%.

Also shown are peaks
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Then taking (-%E)DR to be 0.088 {with an error which is negligible
compared to 0.014), (-ﬁﬁ)fﬂjp.076 at the 95 percent confidence level,
and (fgg_)Tnﬁp.096 at the 99 percent confidence level. This glves
upper 1imit temperatures in the annihilation region of 6.2 x 106 K
and 9.9 x 10 6 9K, Because of the large magnetic fields in the flare,
it is reasonable te suppose that the positrons are produced and annihi-
late in the flére region and that the above tamperaturéa are upper limits
for the flare reglcn.
A similar calculation for the 2.2 MeV line gives an upper
1imit temperature of A 107 %K. The reason for this much higher
value ig that the electron mass in the formula for thermal broadening
must be replaced by the proton mass for deuteriﬁm formation. No
analysis was done for other lines seen in this flare or for the lines
geen on August 7 because of the poorer statistics_due to lower fluxes,
It should be noted that the 6 x 106 %% upper limit is meaningful
gince temperatures of % 108 oK have been calculated by Chubb et al,
(1966) to account for hard X-rays greater than 30 keV from solar flares.
Thermal broadening is not the only process which can affect
the annihilation line shape. Leventhal (1973) has shown that the
measured energy of an annihilation peak can be red-shifted and the
peak can be broadened if it is caused by annihilation throﬁéh-the
positronium mede. Thls shift and broadening are due to the folding
of the three-quantum continuum and the two-quantum pesk through the
finita_instrumental resolution, For a detector with the resolution of
the present 1nstrumeﬁt‘(8.8% or 45 keV) at 511 keV, the appafent posi-
tion of such a shifted peak would be 505 keV for annihilation totally

‘through the postronium mode. A small fraction of bound-state annihilation
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would canse a smaller shift from 511 keV. Since the presence of
positronium depends on the demsity and temperature of the_gas in

which the positrons annihilate {Leventhal, 1973), the determination
of the exact position of the peaks detected during the flares of

August 4 and August 7, 1972 is of interest, Limits on energy shift

and broadening in the vresent experiment lead to a limit on positronium
formation in the flare,

The good energy resolution of the gamma ray detector together
with the on-board calibration source allow the determination of the
energy of measured line radiation with good accuracy. It will be
shown here that the energy of radiation nesr 0.5 MeV can be determined
to within « 1 percent. The energy of a feature in the detected
spectrum is determined from the forﬁula

E=c (n+ng)?
where n is the mumber of the channel in which the feature falls snd
¢ and ny are constants, The constant ﬁo was determined by fitting
ground cﬁlibration-data to the above quadratic formula, This gives
a valus of 80,2 for Nne The value of ¢ is constant for a given
spactrum but can vary with time due to gain changes in the detector.

Any calculation of energy from this formula involves the com-
pounding of errors of the measured quantities c and n. The statisti-
cal error in determining the ﬁenter channel n of a gamma-ray peak is
taken to be o . For a peak of WWHM equal to 2.35 A the error in
determining its center chamnel is given by o, = %¥0f125 where Np is
the number of courts in the peak. If there is albackground N; which

must be subtracted, this formula must be multiplied by the factor
YT+ %/I - x, where x = NB/(Np + NB). For our purposes, the
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random error T in determining the dependence of energy on cﬁannel
number for a given spectrum is taken to be an error in the factor ¢
onl&. This is conaigstent with thérability to fit vari&tions in pain
with corresponding variations in ¢, while holding n, constant. ¢ and
gc‘can be determined for any time bjlappropriately'fitting the time
variation of c,

In précticn, the value‘pf ¢ is determined from the position
and known energy o the 0060 calibration peaks obtained twice every
orbit while the detector is in the calibration mode. ¢ can be de-
termined for times between calibrations from the presence of leakage

counts from the 006

 4n normal data. Calculated values of ¢ for
times around the solar flareas of August 4 and August 7, 1972 are
shown in Mgures IV-16 and 1V-17. The c value for the flare times
can be déterminéd by agsuming a 11near‘variation of ¢ with time near

the flare periocd. This ylelds the values

e = (0.3930 + 0.0007) x 1074 MéV/(channel)2

for the August 4 flare and

H

¢ = (0.3619 + 0.0009) x 1074 MeV/(channel)?
for the August 7 flare, _ ‘

The‘denter channel of the flare peak which occurs near 0.5 MeV
on August 4 is determined from a 1eaat‘§quarea_f1t to the dsta, Dats
obtained in the background quadrant is Pirs ¢ subtracted from the
solar quadrant data to eliminate iocal affeéts; The remaining spectrum
can ba fitAwith a contiﬁuﬁm plus a Gaussian-shaped peak using éeveral
modela for the continuum,  The cenfer channel does not depend strongly

on the shape of the continuum. A similar technique can be used on the

August 7 data, except that the'cqntinuum is ﬁegligible.. For Avgust 4
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we get the value n = 34,8 + .64 ch; and for August 7 the value
n = 39,0 + .65 ch,
. The apparent energies of the flare peaks obtained using our

values for ¢ and n are

E = 519,9 + 5.8 keV for August 4

H

and E = 514.2 + 5.8 keV for Auguat 7.
So far, only random errors in measurements have been taken into account,
Nonlinearites in the detectlon system can cause a systematic deviation
between rulase height spectrum and actual ensrgy loss in the crystal.
Such nonlinearities are a property of the pulse height analyzer as
well as of inorganic scintillators themgelves (Heath, 1964), The de-
termination of ny by fitting calibration data minimizes the systematic
error due to the nonlinearity but does not eliminate it, For example,
the apparent energy of the .511 MaV ground calibration peak is ,520 MwV,

A cofrectien‘can be applied fﬁr such a systematic error if we
uée the local production annihilation peak as a calibration line,
Since both flares occur while the satellite is in a_region of high
rigidity ( > 13 GV ) the contribution £o the locally detected peak
from the atmosphere, which mﬁy be affected by positronium production,
can be neglected. A correction factor "k“'which is the ratio of the
apparent annihilstion line snergy to the true engrgy for the local
paak 1ig _ i

k = E/Et =71,018 + 0.0057 for August 4
k = 1.012 + .0022 for August 7,
Using thié correction factor on the apparent flare energies,

we got the calculated energies

E, = B/ = 510,7 3 6.4 keV for August 4
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= 508.1 F s 5.8 keV for August 7.
‘where the error is due mainly to uncertainty in the. center channel of
the flare peaks because of random counting étatistic errors, Thia _
result shows that tﬁe peaks detected during the flares of August 4
and August 7, 1972 are consistent in energy with free annihilation
lines at 511 keV within the experimental errors,
| As was mentioned previously, the positronium mode also causes

an increase in the apparent line width of the annihilation line, The
spectra for free annihilation and for bound annihilation are shown in
Fiéurg_IV-lB. The equivalent widthlof a Gaussian curve fitted to the
positronium spectrum over the energy range of the data is 11.2 percent,

From the analysis of thermal broadening we have seen that
width of the August 4 peak is 7.4 i 1.4 percent, which i8 to be com-
pafed with 8.8 percent for free annihilationg and 11.2 percent for
bound annihilation. 1 we combine the measurements of energy and
line width, the 1ikelihood that the apparent peak energy is as low
or louer than that required by totally bound annihilation and the
width is as great or greater than that required by tptally‘bound
annihilation 1s% 1 percent. Although it is probably better not to |
- combine the data of two different F'lares, the peak of August 7 shows
a similar lack of ‘broadening and large energy ahift, but at a lower
confidence level, Implications of the positronium 1imit are given below.

The energy limits also put a limit on a Doppler shift of ‘the

line dve to bulk motion of the plasma. For a bulk velocity much less
‘than the speed of light |

R
('AE_)DOPPLER Ul
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where (—A%—)DOPPLER is the fractional energy shift due to the Doppler

effact, Vr ie the velocity along the line of sight and ¢ ig the speed

of 1ight, At the 95 percent nsonfidence level, the uncertainty in E is
AR = 2¢ A12 keV, |

8o V./ ¢ < 12 keV/511 keV = 0,02

and V. <6 x 103 im/sec,

For purposes of comparieon, the velocity of the solar wind near the

Earth is V5 x 102 km/sec.
E. Discussion of Reaults

The ﬂNH detector on 0S0-7 ﬁas proved to be a useful tool in .
gamma-ray astronomy. Its primsry goal was fulfilléd by the observation
of solar gamma rays during the solar activity of August 2 to August 11,
1972. The wide-angle telescopic'properties which made this observation
a clear-cut one also made possible a distinction between radigtion
from thelEarth and lécally produced radiation. The.Earth annihilation
line flux obtalped in this way agrees vary-weil with a similar Earth-
based experiment. .For a vgrtical cutoff rigidity of 10 GV this flux
is 1.0 x 102 (+ 0.2 x 10-2) photons-cm*z-séc'l—sr“l.

The agreément between the anﬁihilation.flux from the Eartﬁ
measured.hy 090-7 with that measured from balloon experiments in the
atmosphere (Figure IV-5) encourages us that there are no large scale
systematic errors in the presentldata analys;a; Howevar;;we-cannot
rule ouf systematic errors of the size of the error bars in Fipure IV-5
on the grounds of the difference technique alone. It appears that
srallation produced 87 emitters with'half;iifes less than one-half

the rotation period of the satellite could produce a "pseudo~Earth"
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counting rate -if the proton flux > 300 ﬂeV has an anisotropy of the
proner magnitude and direction. Because of the thick activs shielding,
the bulk oé 1ocai.produc£10hksbserved-in the detector is that which

is rroduced in the detector and in the shield itself, This ia sup~
ported by the analysis of the line contributions to the sum spectfa.

As indicated in Appsndix II, the strong lines are due to spallation
products in the shield and detector,

A survey of the spallation cross<sacticns for isotopes produced
in the shield and detector shows that the cruss-sections for the pro-
duction of the proper short-lived (10y sec-l secj gt emitters by
1nciden£ protons (C.3-3 GeV) at least an order of magnitude below the
corresponding croas-sections for the production of long half-1ife B+
emitters and the isotopes which contribute an observable rate to the
loeal production spectrum (e.g. I1R6 and I124) (Fishman, 1972).
Specifically, the productsANazo (0.4 sec), Nels (1.46 sec) and Nel7
(0,10 sec) are the only 1mportant‘sh$rt-1ived B+'am1tters in the de-
.tectbr and shield materials. Their crosg-sections are < 10 mb compared
to ~1M0 mb for the observed lines, Furthermore, neglecting surface
'effects, the positrbns emitted in suﬁh decays have a continuum kinetic
energy distribution (Emax of 2.57‘MQV or greater) yieldihg a continuum
ﬁf energy loss in the detector rather than an annihilation peak. This
would reduce any'anp&rént gniéotropic coqpopent by at least Qnother'
order of mggnitude. _. |

| Therefore, aniaotropies of the order of L00A would be necessary
to cause the observable excess from the Earth. But even here, the

longer lived isotopes would be produced at a rate only 50% reduced .
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frcﬁ ﬁhe isotrople case. There?ore, the anlsotropic locsl ptoduction
would bent 2/1M0 or about 2% rather than the «~ 50% effect seen .
| _ The metﬁod of ﬁeaéuring thé'differencé between "limb" spectra
has given an upper-limit quiet Sun flux of 7 x 10-3 photons-cm“a-secfl.
' This compares favorably with upper limits measured bv balloon-borne
experiments. Oniy the upper limit-of Haymes ot al. (1968) of 8 x 10~4
is lower. Since the vresent limit was calculated from data taken over
a 5-day period, a significant lowering of the 0S0~7 1limit can be ob-
tained by using all of the 080-7 data in which the 0.5 MeV region is
covered. This amounts to some 240, days., ‘Since the upper 1limit déﬁends
on thehbserva_tion time tpas 1/ rf s there is. enough data aﬁilable
lto confirm the limit of Haymes provided that aystematiﬁ arrors do not
begnma important, |

The previcus arguments regarding anisotropic local produétion
spply to the solar quiet-time limit also, gxéept the particle anisotropy
to be dealt with is the Fast-West anisotropy of high-energy protons,
Ballbon.flights by Jebber and Ormes‘(1967) show that the East-West
effect is of the-orderlof 50% or less for pfoton énergies between
60 and 300 MeV.ﬁ This anisotropy ap?eérs to extrapolate to higher
energles, _ ‘ | | |

Heckﬁan and Nakano (1963)'have founﬁ an Eagt-West asymmetry for
protons of E > 57 MaV in the South Atlantic ano@aly region at about
470 Im, The‘magnitude of this effgct glves a factor of 2;3 more
protons tneldent from the west than from the .aae_!‘t. fven 1f the prﬁ‘ton_
anisotropy iSfth1§ large at 0S0-7, anigotropic‘prodﬁction is caiculated
'tn be atout an order of magnitude smaller tﬁén-the'érror used to.

¢nlculate the @uiet-tima solar uhpar 1imit at 0,511 MoV, Analysié of
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" all of the 030-7 ﬁata may reveal whether such systematic effecte
become important as the stntistiéal—arrprs are decreased. The absence
of a significant excess or defect in the difference épectrum given in
" gure IV-11 also argues against the presence of systematic errors

as large as the étutistical errors presented,

Upper limits similar to those glven above can be put on any
celestial point sources which are poéitioned‘near the center of the
detector field of view during "limb" sdans. Such regions sweep the
sky through the year due to the apparent motion ofrthe Sun across the
celestial sphere. quch.objeots as x-ray suurées, gupernovae énd the
Galactic Center are likely candidates for a search.. For‘exampie, the
flux from the Crab Nebula (Haymes et al., 1968) should reach the
99 percent confidence level for the first energy interval shown in
Figure IV-11 for data taken over a period of about 2 weeks, Uh-(
fortunately, the Crab Nebula and the Galactic Center lie almost-pp-
posite one another on the celestial spheré, therefore a positive excess
in one of the opposing quadrants might nﬁt lend 1tself to a straight-
forwafdiinterpretation. |
| The present detector is notiweii designed for a measurement
of an isotropic gamma-ray background at 0.511 MeV. Since there is no
configuration in which the detector is screened from this scur&e, ex;
cept by the Farth, which 18 a strong source itself, no differeﬁca speci-
rum can he obﬁainéd by which the loéal productionicontribution .
(which i=a conaidarlee) can be removed. These difficulties could be
overcome partially by separation of the detectur from tha qpacecraft
and by avoiding the- trapped radiation belta either by low-lying orbits

or in cillunar space as in the Ranger experiments. Thie.wnuld.minimiZe
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the magﬁitude of charged-particle effects, The addition of an active
shutter which cbqld_be inserted hefore énd removed from the aperture
of n collimétor would. allow a calculniiﬁn aﬁd nubéequant subtrastion
of the remaining loeal contribution. - |
with regard to the calculation of tha Doppler broadening of

the flare annihilation 1ina, the upper limit tempersture of N6 x 106‘6K
cannﬁt be used to determine the'fegion on the Sun in which solar flares
ocour. Tha‘témperature of the aolar atmosphere varies from 2?4 x 103 Oy
at the base of the chromosphere to ~ 108 o in the corona., However,
high energj solar x-rays ( > 30 keV) have sometimes been explaiﬁed a8
tﬁermai 5remsstrah1ung of hot plasmas at temperatures of 107 %X and °
ereater (Chubb et al., 1966). In fact, temperatures of thé order of
101n O would be re@uired to explain the gamma ray éontinuum observed
by the UNH detector in the August 4, 1972 flare. Although tempsratures
of 107 ok and higher are not ipdiqated in the present analysis, the |
existence of‘sugh high temperature regidns cannot be ruled out. The
line from positrons annihilating thepe woqld“be greatif broadened_ahd
could be lost in the statistical fluctuaiiong of the continuum,

| dnglysis of the annihilation line width and-ensfgy ghows that
the fraction of annihilations in the bound atate is less than 100 percent -
at the 99 percent con’idence level and less than 75 percent at the‘_
95 percent confidence level. This result can be caused by high
temperatﬁre_or étrong magnetic fields in the_annihilation region,
| Ih & mneutral ﬁedium,'positronium ié fofmed by energetic
positrons via charge exchange._,At énergi;a abdve the ionizétion
potential, I, of the ambiant gas, elastic collisiona and free annihila-

‘tion dominafe over positronium formation althuugh only a few percent or .



less of the positrons annihilate ahove this energy. For positron
energies between I and (I-6.8 eV), where 6.8 eV is the binding energy
of posltronium, the positronium formation cross~section dominates the
free annihilation cross-section by many orders of magnitude. Below

the energy I, nositrong annihilate only in the free state., However,

for ambient densities p- 175 atoms em=3 virtually éll of the positrons
will have been lost to positronium formation before falling belﬁw that
fhreahold (Steéker, 1969, Leventhal, 1973). In media Df sufficient
density ( > 1015 atoms cm'3) orthopositronium annihilation is quenched
by collisional dissocistion., This density is obtained épproximately by

setting the mean time between collisions ( ) equal to the ortho-

nv
positronium 1ifetime (1,4 x 10~7 sec), wheren is the density, ¢ is

the pogltronivm fonization cross-section, and v is the positron velocity.
At higher_densities the ratio of positronium annihilation to all an-~
nihi}ations varies hetween 20%-50% depending:on the nature of the
"ambient gas (Green and Lee, 1964).

| In a plasma, charge‘ekchange is no 19nger important, however,

ani the postronium annihilation rate is determined by ionization

and recombination of the positronium atom. If the recombination
coe®ficient is taken to be the Beme as thﬁt of hydrogen, the recombination
time 18 1.5 x 10910'85/he sec,.wheré ng is the electron density'and T

1s the temﬁerature of the plasma (Ramaty'and Lingenfelter, 1973).

Since the mean rate for free annihilation i= 7,5 x 10~15 n sec'1
(Deutsch, 1053‘ the corresponding mean time is 1.3 x 1014An sac, Set-
ting this enual to the recombination time we see that high temperatures
can quench énnihilation via positronium independent of amblent density.

The temperature at which the positronium formation rate equals the free
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annihilation rate is v 7 x 10° °K (Ramaty and Lingenfelter, 1973),
This meehanism could explain the preqent obqervation that annihilation
is not totally thrnuph the positronium moede. It should be noted,
however, that up to one-third of the three~photon decays (those from
the m=0 subétates) can be.quenched in magnetic flelds <~ 5 kG (CGreen
snd Lee, 1964). This is due to the mixing of those states by the
perturbing magnetic'field and the subsequent annihilation in the
‘singlet state since its lifetime (1;A.x 10-7 sec) against &nnihilgtion
iﬁ considerably shorter than the lifetime in the triplet state
(1.3 x 10-10 gec),

 The accuracy of line width measurements such as the one
rrésented in this work is limited by the counting rate, the background,
and the resolution of the detector, The relﬁtinnship'between line

broadening and temperature 1s approximately

AE, 2kt _(In 2),1/2
( E)TH v2l . mc“

In the 0SO-7 experiment for the N.511 MsV line seen turing the solar
flare,.the calibrated rpsolutiﬁn for the detector aﬁd the uncertainty
in the wldth of the measured line were 0.088 and 0.028, réspectively,
- with the uncertainty at the 95 percent (25 ) confidence levei (1.e.,
about 30 to 35 percent of the detector resolution). The uncertainty
derends on the ability to subtract background and the ability -to fit
the remalning paak to a Gussian. If N is the mumber of counts in
the background and NP ig the number of counts in the peak, then the
uncertainty in the background fit goes approximatsly as - J_Tr_and the
ungartaintj in the peak fit goes app;oximately as J_H;'Where Np 1s the.

number of counts in the peak. For our flare data the errors due to
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both sources were stout equal and of the order of 0,01, or about
1¢ percent of the reselution of the detector,

AIt is intéresting to‘cﬁlculaté.thq imprdvemént made by ﬁsing
a detector of superior reaoclution auch as a solid-state datector.‘
Ruch deﬁectors generally have lower sensitivity than the inorganic
scintllletor used on the 050-7, however, For = solid;state detector,-
iet us take a resclution a factor of ten less than Q80-7 (i.e., 1 percent
at .5 MeV, or 5 keV)., Let us also suppose that the sensitivity is a
fastor of ten down,

For the solid-state detector the channels must be packed 10

' times as densely as the 050-7 analyzer so that there are still about
5 qhannels under the pesk. The factor of 10'chhnge in resolution
1s balanced by the factor of 10 decrease in the sensitivity so the
counts per channel in the peak are the gsame. However, the continuum
has decreased by a factor of in. Therefore, the error in fitting the
cohtinuUm is down by a factor of 3 (i.e., /ﬁg756 rather than #rﬁé)
which makes it amaller than the Gaussian fitting error which should still
be ahout 10 percent of width due to the intrinsic resoclution of the
detector, This 18 true because the counts per channel in the peak
are the same as in the ofiginal casa, so if an upper limit were csal-
culated for this sclid-state detector in the same way as for the 050.7,
1/2

(AE

8E, ,r;. 22kt (In 2),1/2 _

, =5
TH ot =3x10 - T

Combining the componants of 1ine width in quedrature as in Section IV, D,

for the upper limit to 4"'E)TH
(AE) 2 (AE

. _ (AE, 2
AE < (4E)2 (AE
E'TH —= ‘"E'TOTAL E.DR
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AE,
E° TOTAL

e

where ( 0.01 + 20 = 0.012, (&E ® 0.01

<%)pr
80 (R gy < 0.007
and T2 < 7 x 107373 x 1075 = 233 and T <5 x 104 UK
In this casn, thermal broadening should certainly be seen. a1l

of this derends on the assumption that background effects, shielding,

pointing, angular response, stc. are the same or equivalent,
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APPENDIX I
GENFRATION OF ANNIHILATION RADIATION

A; General Theory

The existence of a positively charged particle of mass equal to
that of an electron was first postulnted_theoretically by P. A. M. Dirac
aa the physical interpretation of the negative energy solution of the
Dirac equation (Dirac, 1928a; Dirac, 1928b). Tracks of the positron
were discovered in cloud chamber photographs by C, D. Anderson in 1932
(8nderson, 1932; Anderson, 1933).

| The cross-gsection for electron-positron two-photon annihitation
was first deduced‘by Dirac (1930), while the cross-section for pair
creation by gamma rays in.the viciqity of a nucleus was caleulated by
Heitler and Sauter (1933) and by Bethe and Heitler (1934). Modern
presentations of the theory are given by Heitler (1960) and by Bjorken

and Drell {1964).
1. Anmnihilation Mechanisms

The differential cross-gection for two-photon annihilation is

glven by (Heitler, 1960)
2,2 2 .2 4 . 2
4 Eo+po+p051n <] 2p051n 0

4Py Eg—pgcosze (Eg-pgcos

do 2

7. 7)sine do as
e

in the center-of-momentum frame for unpolarized qﬁanta and particlas,
where p, 13 the electron momentum in the e.m, frame, E0 is the electron
energy in the c.m. frame, ¢ 1is the angel between py, aﬁd'the direction
of one photon, and ¢ is the azlmuth of the direction of that photon,
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Transfoming.to the 1lab frame in whiéh the electron ia at rest,
and integrating over both angles, the croas-section for the annihilation

| 6!‘ a positroh of enérgy E; 1s

, |
_ 2 1 y +4y+1 — _ Y+3
| a = wr, Y+1[ 72T In (y+/y2=1) /%77_-1-}
where Y=‘-E+/'mc2 and-r0=92/hc2.
An aoproximate form for Y~ 1 ("non-relativistic" case) valid

for positron kinetic energies such that e?/hc << T, <<me? 1g

~ Tr 2 c/v
¢ o +

where vy is the positron veloecity and T, is the positron kinetic energy.

An approximate form fory>>1 {extreme relativistic case) is

Y omr 2m¢::2 2E

ooV O , +

E,

Although two-photon annihilation is the predominant channel for f‘rt_ae
pogitron decay, there are several competing processes. Single-photon
annihilation can take place when the electron is strongly bound to g
nucleus of charge Ze. (The nucleus is necessary to conserve energy

and momentum), However, the cross-section for single-phofon annihilation
is, at most, about 20 percent that of two-photon annihilation even for
the heaviest nuclei (Heitler, 1960), Far example (Hayakawa, 1969),

U_l » 425(14

aq In(2y) -1

vhere 0»1/02 1s the ratioc of single-photon to two-photon cross-sectiohs,

for y>>1

o =e?/he = 1/137, and for 8 >>1

qQ

L % 473 29,462
V4 02 T
where B:E"" but 25 o 4 << 1l go -&i <<,
2

Another possible process is one in which no photons are emitted

and the energy of annihilation 1is given off to a mecond electron in the
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vieinity of the collision, The cross-section for this process is
small (Heitler, 1960).

| - Three-phﬁton decay will oceur when th-quantum annihilation
is forbidden by selection rules which are applicable, For an unbound
S state, the.ratio of thé crosg-section for three-quantum decay to

that for two-quantum decay is (Ore and Powell, 1949)
a 1
1

For states of gggg;;; ggéular momentum, the cross-sections
decrease. The positron and electron can form a bound state (posi-
t;onium) in which the three~photon decay mode becomes important,

For exsmple, if 2 = 0, the formation of the triplet 381 state
(nrthopositrcnium) is 3 timeamore probable than the formation of the
ainglet 190 state (parapositronium), Since the decay of positronium
obays the selection rule (Rtécker, 1969)

| (1% (-1 (1) B= (-1
where { 18 the orbital angular momentum quantum number; S is tha spin
grantum number, and ¢ 1is the number of photons in the final state,
three-quarters of the positronium decays go to three photons and one-~
quarter go to two photons, The decay rates for states = 0 agre
neglizible compared to the £ = O rate (Deutsch, 1953). The astro-
physical conditions under which positronium formation is important
have been discussed by Stecker and by LeVenthél (1973). Stecker
shows that under intersteilar conditions positronsgenérated by cosnic
ray interactions annihilate from rest via positronium formation over
95 percent o thg time, In most gases near atmospheric pressure,

positfons will annihilate through the positronium mode between 21
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percent (nitrogen) and 50 percent (oxygen)‘of the time (Green and Lee,
1964}, Leventhal caleulates that the positronium formation fraction
cahrapproach 100 ﬁereent for atomic hydrogen as tha density falls
below 1015 atoms em™. At high enough densities or temperatures,
however, triplet decay and positronium formatlon can be supressed by
collisions. Furthermore, high magnetic fields (- 5kG) can decrease
triplet decay by one-third (Green and Lee, 1964). In solids, three

photon annihilation is negligible, -
2. Generation of Positrons

There are three modes of positron production which dominate
in interactions of astrophysical imcortance; these are: 1. pair
'production,‘z. positive pion decay, and 3. decay of bositron-em&tting
nuclei,

Pair production is the conversion of an energetic photon
(E >2mc2) into a positron-electron pair. Energy and momentum cop-
servation requires that another particle be present, The cross-sections
for thils interaction were first calculated by Heitler and Sauter (1933)
and by Bethe and Heitler {1934). Ffor ﬁair creaﬁion in the vicinity of

a nucleus of charge Ze the cross-section is (Heitler, 1960)

- 24 2
¢E, dE, = g P+P- 4 PP
+ + S dE'l" {— T - 2E+E_ —I—)_:ZF_?—
E E € E £.€ 2 =
+(mc2 2 ot - -+ + - — + - + k 2 2 2 2 -
1= P, p.Y P+P“) L [p+3p_3(E+ E.o+pp.%)
E,E (me?) 2k EE -p2 -p 2
—g3 Caf- _ RELk BB P e 4 ott= P okmE )
- "'"T"“""'— ——r— » -
P.P.  2p.P_ P. - - Py Yo 1}
_ 2P

whe?e k is the momentum of the photon, Ey(_y 1s the total energy of

the positron {elactron), Pe(-) is the momentum of the positron
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2y 2
(electron), e, =20 (B tPy) poogn (E+E <tpp t(mes)e) ,
) '-"""""'In—é‘z"‘- - mc&k -

and  o=Z%r_2/137

This formula is wvalid under the conditions of the Born ap-
proximation, assuming that the screening of the nuclear Coulomb fleld’
by the outer electrons 1s negligible., By integrating thls expression
over E+, a total'pair—creation cross-section can be obtained. For thg

case in which all energles are large compsred with mc2,

a 28 2k 218
o =0 g lngez - 57

In general, the pair production cross-section for an electron rises
from a negligible value {compared to the Compton cross-section) below
1 MeV and levels o“f to a weak dependence oﬁ photon energy above
1N0 MeV,
Another mechanism important is astrophysics is the decay of
the positive pion. 'The normal pion decays arg_(Segré, 1964}
L 2y(T ~ 2 x 10716 sec),ln++p++vp

2.55 x 10'8390)

e -

and ﬂ“+p“+;u (Ti
Dowvn in probability by a factor of 10~4 is
w+ -+ e* + ve .

Down in probability by a factor of 10~ 1a
: L ﬁo + e+ + v_ .

e . .

Free muons obtained from the plons decay by the scheme

(Segre, 1964)

p+ + et + v+ v (T~ 2.2 x 107 sec)

The mean energy of the resulting elec%ion 14 rou%hly one-quarter the
energy of the original plon (Cheng, 1972).
Negative muons react weakly with nuclei (e, By P +y3 n+y),

but decays freely as indicated above, Thp-chain1r *1 +e+ is



important because rions are produced by cosmic ray interactions in

interstellar space by reactiona such as (Ramaty and Lingenfelter, 1966)
ptp+A+Btan +b(n +1r )+ cr®

o
p+He"+A+B+c+arr +B (rT+r "4 e
vhere A, B, and C are nuclel and nucleons and a, b, and ¢ are zero or

and

positive integers, About 30 percént of the incident kinetic energy
of the protons goe: to plon energy  (Cheng, 1972). Most of the
galactic pions are produced by cosmic rays of energy 500 MeV or greater,
The contribution from cosmic ray o-particle 1ntaract1§ns with Be4 and
proton interactions withheavier nuclel can be neglected because of
low relative intensity ang density. The contribution from kaon pro-
duction and decay cin be neglected because the kaon preduction cross-
section is 10-20% of the pion cross-section and kaons carry a smaller
fraction of the total energy. Similarly, the positron contribution
from other strange particles is negligible,.

Another source of positrons (of energies below 20 MeV) is the

1
10’ cll 13’ 0 4’ 015)

decay of g + emitting isotopes (e.g., C s N . These
radionuclides can be formed in the cosmic ray spallation 1ntefactiona
between protons and-clz, Nl‘, and 016_nuclei, a8 well as in similar
interactions in the atmosphéres of the Earth and the Sun., The role of
thia mechanism in the production of poaitroﬁs in the galaxy has been .
investigated by Stecker (1969) and Ramaty, Stecker, and Misra (1970)
using cross-aectionq published by Audouze et al., (1967),

Less important modes of pair produetioh include the following:

1. Creation of pairs in the collision of two heavy particles.

Hers, A 9 2y2 L 20 ZiMo-zm.
where particle 1 is initially at rest and Tzlia the kinetic energy of



100

particle 2 (assuming T § Hzcz) (Heitler, 1960).

2, Creation of pairs by a fast electron in the fleld of a
rucleus. Here, g 57T I (In E /mc2)
and the electron energy EO:>>m02.

3. Creation by collision between two electrons,

4. Creation hy the annihilation of two light quanta (inverse
peir annihilation). |

5. Conversion of a v quantum emitted by a nmucleus into a
pair in the field of that nucleug. A1] of these latter processes

are negligible compared to the first three.

B, Production in the Earth's Atmosphere

1. Cosmic Ray Interactions

Cosmic rays which are incident on the Earth's atmesphere
generate continuum and line gamma radiation, which hﬁve be;n measured
by balloon-borne detectors (Jonea, 1961; Peterson, 1963; Haymes et al.,
1969; Chupp et al., 1967). The channels into which the energy of the

cosmic rays goes is shown in the following table (Hayakawa, 1969):

Process o , | Energy dissipation1
(Mev-cm ~sac )
Tonization in the atmosphere | ) 730
Ragidual energy at mea level , 40
Nuclear disintegration _ _ 150
Neutrinos _ggg.

TOTAL A ' 1150
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where the mumbers hold for latitude 50°, The incident and dissipated
energies can also be analysed into the species by which they are

carried (Heyakawa, 1969):

Species _ Incident Energ¥
(MeV-cm~Ll-sac=Llegr™
Protons 8agt =5
He - nuclei 2002 4
L -~ elements 6t 2
M - elements : VAN |
H - elements ggf 1
T0TAL * | 11802 30

vhere L, M, and H refer to light, medium, and heavy cosmic ray nuclei,

Svecies | Diesipated Energy
Proton Ionization 1oss | 1291 3
f* | 2162 14
S 2652 24
Nuclear disintegration 201i 68

TOTAL - 11107 80

qhere the estimates have besn made for a geomagnetic latitude of 559,
The sbove tablés illustrate the importance of plons in cosmic ray
interactions in the atmosphere,

Cosmic ray components can also be characterized by their
ability to penetrate matter.  The so-called sof't component is composed
of electrona and photons (the electronic or K-component), Near sea-
level the charged pions have largely decayed into p mesona (the
penetrating component) which interact with matter even less strongly

than the N-component. The genetic relationships among the cosmic ray
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secondaries are illustrated by Hayakawa (1969) in the following

diagrams:
)]Tro - ¥ 7&:
Low N . » N PN
Energy l / /
3 - _--)e
+

]
>" "
Ki l | > v
Pr—— ;O s Y > E
High N i N y N
Energy > W, .
. ) m 5
» U
Ly |
K ] > v

Although these diagrams are only rough schematics, they indicate that
thé main contribution to the electronic component (and, hence, to
'the positron annihilation radiation and the gamma-ray continum) is
7% production. This can be seen guantitatively in the graphs of the
intensity versus atmospheric depth in Figure A-1 and Fipure A-2
(Hayakawn, 1969) where the elactrop (positoﬁ plus negaton) fluxes
from 7° interactions and frm’njj degayé, are compared. Only at _'Large
deptha (> émg/cmz)' does the j:'+ e source bacome mportanf. Since
~ balloon-borne gamma-ray ﬁetactorrmlsasur'ements'ha_ve shown that the flux

of énnihilation radiation increases with decreasing atmospheric depth
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Figure A-1. Vertical intensitiea versus
atmospheric depth of the soft component {(S) ana its
subcomponents; 5 = e + sy + sp, e (electrons) =

N + e (electrons from 7%) + 3 + e (electrons from

;gzgl){nock on and decay processes of muons],(Hayakawa,
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Figure A-2. Intensities of electrons (e] and

gamme rays (y) of energies above 100 MeV versus
atmospheric depth, in units of the nucleon attenu-
ation length, 110 g- cm™ -2, fThe contributions of
79 - 2y decays (v .0, € 0) and 7 -~ u = e decays

(v e ) to gamma rays“and electrons are shown
seﬂara}é‘ely. (Hayakawa, 1969).
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in a manner similar to the E-component (Kasturirangan, 1972), we can
conclude that the positrons which produce this radiation come mainly

from the channel

0 +

_ ! N-+n +$2e
vwhere thq positron is producéd by pair production and loses energy by
bremsstrahlung radistion (Ee > 100MeV)} and ionizing collisions

(Ee <100MeV},

The generation of low energy gamma rays in the atmosphere has

. been investigated by Puskin (1970). Using electron flux measurements
of Verma (1967) and Brini et al. (1967), he has calculated that 8%

- of the photon flux at 3,5 mb residval pressure from 0.3 to'lo MeV can
be explained by electron bremuﬁtrahlung in the atmospﬁara. Leés
important processes are annihilation llne and scattered radiation,
nuclear de-excitation radiation, and gamma rays directly from , °
decay. Calculations and obgservations by Kasturirangan et al, (1972)
and Haymes et al, (1969) also show that the lou-energy photons largely
originate from the electronic component of the secondary cosmic

radiation, The positron portion of the electronic component also gives

rise to the 0,511 MeV radiation.
2, Antimatter in Meteor Showers

The distribution of antimattef in the universe is a phencmenon
in cosmolology that may be amenable to study by gamma-ray astronomy, |
konspantinov (1966) has hypothesized the existence of meteor-like
bodies exchanged between matter and antimatter stellar sysfems. Posi-
tive evidence for this idea has been claimed through a correlation

between the intensity of high energy gamma-ray flux and neutron
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measurements in the upper tropopause with the time of entry of
individual meteoré into the Earth's atmosphere (Konstantinov et al.,
1966; Konstantinov et al., 1967). 7

" Konstantinov et al. (1970) have analysed gamme. ray data in the
range 0.3 to 2,7 MeV from the Coamos-135 satellite and have found an
enhancement during meteor showers in the 0.511 MeV radiation observed
by their detector. The observationa were made during the Geminide,
Urside, and Quadrantide showers of 1966-1967 and amounted to a 50%
effact.

The enhancement was not correlated with changes in the gamma
ray contingum or with chargad—yarticle effects. According to the
hypothesis, the obeerved enhancement could be caused by about 20 mg,
of antimatter introduced inte the Eﬁrth‘s atmosphare during one d#y.

The 4-day period of 25-28 April 1972 used in Section IV of
this work in an investigation of aspect and rigidity variation has
also been used to investigate the time variation of the 0.511 MeV
fiux. In order to see daily variations which are_independent‘of
- rigidity effects, scans used to obtain a daiiy average must be char-‘
acterized by the same rigidity from day to day; that is, 1f tﬁo scana
at 4=5 GV-and three scans at 10-11 GV are used to obtaln an average
rate on 26 April, equivalentrscans must be uzed fo obtain the ;verage
rate for 27 April if a valid time dependence 1s to be seen. Other
parameters need not be éonsidefed since-they do not affect the rate
by the factor of 50% seen by XKonstantinov et al.

The variation of the average daily rate is‘éhown in Figufa A-3

The error bars shown are due only to counting statisties but include
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Figure A-3. Daily variation in the 0.51 MeV counting rate for a
linear fit to the background., Each point 1s an average of 22 scans.
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the uncertainty in subtracting a linear background from beneath the

peak. Each point i{s an average of 22 scans. The 1 U error bars are
abuuiisz of thé avafaga r@te in iength. 4 cdnaistent incrﬁése in the

| rate of 50% or more over a period of several days in coincidence with

a meteor shower, as was seen by Konstantinov et al., should be apparent

in this type of analysis,

At the time of the preseht work, only 4 days of data were 7
available for computer analysis. In the future, however, data covering
-April to December 1972 will be available. Thie span of time 4ncludes
such large showers as Aquaride, Perseid and Orionide. If the 0.511 MeV
enhancapent‘is a general property of meteor showers as the work of

Konstantinov et al. implies, it should be confirmed in the 0SD-7 data.

C. Production in the Solar Atmosphere

1., Quiet Sun

Although the high energy thermonuclear reactions in the Sun's
core produce x- and gamma-radiation, these photons are degradad in
energy in their passage through the solar material to the surface. The
temperature of the surface of the photoaphere is R 4500°K, and the Sun's
ﬁpectral distribution can be approximated by a. black body at sbout
6000, This dietribution peaks at about 50003 and virtually sll of the

energy of the Sun'a radiation is below 2000& (Green and Wyatt, 1965)
‘The temperature of the corona is about 10 °K and it radiates like a

“"gray body" with a distribution peaked at 208 (0.43 keV). Hovever,
this emisaion rarely exceeds 10 -3 of the solar conetant (Green and

Wyatt, 1965)
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The average kinetic energy of gas particle ia:
T=3/2kg
for a Maxwell-Boltzmann distribution, where ® 1s the kinetic temper-
ature and k is Boltzmann's constant (8.6 x 10~° eV/ok). For a tempera-
ture of 6 x 10°°, T = 0.77 eV; and for 1059, T = 130 eV. The threshold
for positron oroducing mechanisms ere much greater than tﬁese values,
For example, the threshold for the produciiun‘of 3+ emitters in nucleon-
nucleon collisions in the solar atmosphere is 5 MeV or higher {Dolan
ani Fazlo, 1965; Cheng, 1972). The thresholde for “+ production in p-p
and p - ¢ reactions are 200 MeV and 172 MeV, respectively. Finally,
the contribution to the annihilation gaﬁma fay flux from the thermo-
nuclear reaction
H}‘+ I-I1 > H2 + e+ + v
1s expected to be small even for the hot corona and coronal condensa@ion
&s compared with a flare-related contribution (Cheng, 1972).
Because of the above considerations, the gamma radiation
emitted by the quiet Sun is negligible cumpared with emission during
solar flares (Dolan and Pazio, 1965). No positive measurements of |
quiet-sun gamma rays heve been made. to date; a summar} of upper limits
for the gamma ray continuum has been presented by Cheng (1972) and a
similar summary for the 0.51 MeV radiation has been given by Chupp
(1971). The listing of Chupp is reproduced here as Table A;l.



Source
Sun (Crab)
Cosmos
Sun

Sun

Crab (Sun)
Cygnus |
Virgo
Cent 4

Sun

Sun

SBun

Reference:

EXTRATERRESTRIAL UPPER LIMITS (0.51 MeV)

Date
5-2-61
1-62
6=10-62
11-2-67
-68
-68
-68

68

-68

4~25-68
- 7-7-66

8.28-66
5-23-67

TAELE Al

Photons cm2sec™

1 x 1071

1.4 x 1072

1.3 x 1072
(7.5-26) x 1073
8.4 x 1074
1.24 x 10-3
2.1 x 1072
1.8 x 10-3

7 x 10“3'

(1.1-4.8) x 10~2
Null result

Chupp (1971)

1
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Experimenters
Peterson {1963)
Metzger ot al, (1964)
Frost et al, (1966)
Chupp et al. (1968)
Haymes et al. (1968)
Kaymes et al, (1968)
Haymes et al. (1968)
Haymes et al. (1968)

Womack and Overbeck
(1968)

Chupp et al. (1970)
Cline et al, {1968)
0GO-III
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2. golér Flares

A review or tﬁanfeticﬂl flare mechanisms has been preaent@d by
“weet (1969), lhese models includa the~accelaration of fast nuclel
which are sometimes detected directly and which must be present for
the production of annihilation radiation. In fact, high energy protons
have been thought to be produced predominantly 1) before fhe flare
(H. Elliet), 2) during the explosive phase (K. Sakurai), ahd 3) du:ing
the dacay stage (C. de Jager) (Sweet, 1969). A review of flare models
a9 related to gamma ray and neutron production has been done by Chupp
(1o71), Here the models and flux estimates are differentiated mc-
cording to their geometries: 4} the directed particle geometry
(S. TI. Syrovatskii), B) isotropic thin target geametry (R. E. Lingen-
felter and R, Ramaty,-scceleration phage), C) isotropic thick tsrget
geometry (Lingenfelter and Ramaty, slow down phase), and D) magnetic
bottle geometry (H., Elliot and E. Schatzman) (Chupp, 1971).

The rate of generation of annihilation radiationfduring solar
flares has been calculated by several workers. The main séurces'of
positrohs ara the decay of ﬂ+,mesons prodﬁced in p-p reactions ani
the B+ decay of spallation products. Dolan and Fazio (1965) have
caleulated the time-averaged annihilation line flux assuming a
rigidity dependent proton speetrum

& = Noe'R/RU.
Lingenfelter and Ramaty (1967) have calculéted'the flux for a positron

production rate per g/'cm2 of flare proton range averaged - over the
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particle acceleration time {geometry B, gbove), The range of the ac-
calerated prntons 1s generally taken to be ~ 1 g/bmz. 4 flux can

also be produced during the slowing down of those particles which do
not escape the Sun. PFor this geometry (C), the authors have assumed
that 1/2 the flaré particles are directed toward the Sun where thej

‘ interact and slow down, Assuming the same rigidity;dependent spectrum
as Dolan and Mazio, the mean gammﬁ Tay fluk per unit time at Earth

during acceleration is

N X
- T 1 ¢( ace)
¢ = ¢ X
acc 1 1

where NT is the number of‘acceleréted particles >30 MeV, x, 1s the
range (g/cmz) of these particles during acceleration, ty is the ac-
celeration time, and @anc/xl-ia tatulated by Lingenfelter and Ramaty.
The flux during slowdown is given by

5 NTE béq)

= t
ad ad

where ¢ ia the fraction of psrticles wvhich interact after ac&eleration,

téd 18 the time over which interaction takes place, and P 1s tabulated.
Cheng {1972) has taken into account the time-dependent energy

losses of the flare~accalerapion of particles followed by energy loas

through various mechanisms, They may‘remain trapped in therflare

region or a large fraction may escape and interact on the (high densaity)

solar surface. The fluxes are calculated both for a power law in

initial particle kinetic energy

aN = 2 )T o
i K{E-MC<).
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and for an exponential law in rigidity

.QE = Ke—R/nO
dR

Then the initial msximum annihilation flux at Earth due to 5
proiuction 1a | -

JWFY=7-1 x lO—ZB(nHKV)Q“'+ photons om Zsec !
where‘nH is the ambient proton density, v 15 the gamma-ray emitting
volume (KV=N/RO, where N is the tota]l number of accelerated protons),
and Q1B+ is the positron production rate tabulated by Cheng. The time
dependence of the flux goes as exp [ ~(t-1n)/T] for t>1,, vhere T is
the "decay" time for m | production {due to proton energy losses),
and "gn is the mean time for positron production to annihilation. The
initial flux due to 3+ - decay poslitrons 1s

: JB’;( = 7.1 x 10 28 qBK_V photons cm” 2sec” !
‘ wﬁare q g i3 the positron production rate which is graphed by Cheng as
a funetion of time Mor various n, and Ry. There 1s a fixed delaj of

T an between positron production and annihilation where 120 sec <

T an < 1.2 sec for electron densities between 1012 cm-3 and 1014 cm-B R

The fluxes obtained by these models can be compared for a flare

with rarameters

N =107

v =10’

R, = 200MV.

n =3x 1013@‘3,

H
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ﬁodal ' 0.51 MeV flux at earth

| n+ decay B+ decay Total
Dolan and Fazlo® 42 x100 21x10%° 4L x107t
Lingenfeltef & Ramaty* —_— — 3 x 107t
Cheng" " 1.2 x 1002 1.4 x107% 1.2 x 107

¥ averape flux over 100 seconds

‘#%initial maximum flux

D, Cosmic Source

Stecker (1969) has calculated that there may be a detectable
flux of annihitation gamma rays from the galactic disk. As in solar
flares, the two main possible positron production modes are from the
formation of ﬂ+ mesons and positron emitting radionuclides, Stecker's
argument shows that an annihilation gamma ray flux will be due mainly

le,'and p - 016 spallation

to B+ decay of products of p - 012, P -
interactions rather than w+ formaticn, This is because positrons
 from 8+'decay have a lower initiasl energy (less than a few MeV) than
positrons which result from reactions preoducing 1r+ mesons (greater
than a few MeV). The latter positrons have a much greater probabilitj
of escaping the galaxy before annihilating. |

for the ﬂ+ decay mode, the positron spectrum can be caleulated
from knowledge of the galactic cosmic ray spectrum (assumed to be the
same as that measured above 500 MeV near the Farth), The positron

energy loas rate (via ionization, bremsstrahlung, aynchrotron radiation,

and Compton collisions) and trapping time in the galaxy also determines
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the shape of the annihilation gamma ray spectrum. Because of the high
velocity at which annihilation takes place, Doppler shifting is im-
pbrtant in thia mode and the characteristic pesk is smeared between
250 and 500 keV. Only 1-2% of these positrons annihilate near rest,

The second important source of galactic positrons is spallation
interactions. Stecker (1969) uses the 1list of interactions of Audouze
et al. (1957) and the ouiet-sun cosmic-ray spectrum between 20 and
1000 MeV/nucleon of Gomstock et al. (1966) to estimate the positron
production from 5+ emltters. Most of these positrons are emitted
with energies less than 5 MaV and over 95 percent of them annihilate
near rest in the galaxy. Stecker's calculations indicate that almost
all of these positrons form positronium, 25 percent of which decays
into 0.51 MeV gamma rays and 75 percent of which.decays in a continuum
of energy less than 0.51 MeV (see appendix on General Theory of An-
nihilation). The most optimistic estimate of the annihilation line
flux which comes out of this aralysis is about 10~3 photons cm'zsec'l
st T from the galactic disk, ﬁith more conservative values being
4 x 1074 en2gecLart or less.

A later analysis by Ramaty, “tecker, and Misra (19?0)7concludes
"that the flux for a homogeneous disk model of the galaxy would be
smaller than the background continuum ( X3 x IO"Acm‘Esec;;sr'l)-unleas
the.mean cosmic ray energy dansity is much larger than aeemé'probable
from the general dynamica of the interstellar medium. Thus the hy po-
thetical flux would be very difficult to detesct. However thess authors
go on to argue that physical conditlons in the galactic center could
modify the energy density argument and so it might be a detecfable

source of 0.51 MeV gamma rays,
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Johnson et nl, (1972) have detected a gamma-ray continuum and .
.8 peak At 476 + 30 keV from the galactic center region, This measurement
has received several interpretations, The most interesting one, in

the vresent context, is due to leventhal (1973). He suggests that a
line-plus-continuum spectrum, which is emitted from the galactic

center by annihilating positronium, is folded through the 86 keV energy
resolution of the detecting instrument, This resolution causes the
apvarent energy of the maximum of the peak to be shifted down to 490 keV,
The observed flux for this feature is 1.8 i 0.5 x 1073 photons cn~2sec™!
for a point source {or about 3 x 107> photons cmﬂzsec-]'sr-1 for source
extended over the 240 angular opening of the detector). It should be
mentioned here that Metzger et al. (1964) have put an upper limit of
1.1 x 1072 photons em~2gec ™ Ler-1 for an isotropic cosmic flux, Trombka
et al, (1973) have a positive, though weak, indicatioﬁ of an annihila-
tion radiation of cosmic oripin, althopgh other sources cannot be
completely ruled out. Their measurement indicates a flux of

2.4 1.2 x 10~3 photons cm”zaec“lsr'l.
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APPENDIX II
LOCAL PRODUCTION IN THE SATELLITE

It 1ia raasqnabie to expect that charged—particle_interactiohs
with the spacecraft material would produce 1uw.enargy gamma Tays.
Satellites are always exposed to cosmlic rays and those in Earth orbit
can be exnosed regularly to trapped particles. The gamma ray experiment
aboard the Ranger 3 Spacecraft indicated the significance of coamic
ray effects (Metzger et al., 1964). Spectra in the range 70 keV
4.4 MeV were measured with an isotropic detector both stowed on the
svacecra®t and extended on a 6-foot boam, Comparison of the spectrﬁ
showed a decrease in counting rate of about a factor of 2 in the
extended poasition as compared to the stowed poaition. The difference,
due to secondary productlion in the spacecraft, included a peak at
-0.51 MeV. This background Qas apparently caused by cosmic rays.

An anslysis of the background produced in the 0S0-1 satellite
by Peterson (1967) indicated that about 50 percent of the counting
‘rate in the energy range 1.5 to 4.5 MeV was caused by secondary
production in the spaceéraft, about A0 percent was due to atmoapheric
gamma rays and 10 percent to cosmic gamma rays, Addition&l background
was geen aftar exposure to trapped protons encountared in the 500 km
orbit. The mechanism was indicated as being due to the decay of
25-minute Il28 activity induced in the Nal cfystal by secondary
neutrons producad by trapped protons (Peterson, 1965).

More recent nnaiysis tends to iﬁdicate that spallatioh reactions

in the detector and spacecraft are more important gamms ray sources
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than neutron canture, Flshman {1972) has calculated the spallation
yields for 100 MeV proﬁons interacting with Nal scintillator material.
These calzulations were checked experimentally by irradiating Nal with
600 VeV protons and observing the spectrs of the decay products as a
function of time. The mnalysis indicated numerocus lines in the spectra
due to the decay by electron capture or internal transition of isotppea
of iodine, teilurium, and antimony. 4n exponential continuum due to
beta emitters and unresolved lines was also found,

Dyer and Morfill (1971} have obtained similar results for the
irradiation of CsI(Tl) with 155_M9V protona. These results were used
tolpredict productinn in this material by cosmie rays and trapped
- protons.

| The recent Apollo flights have enabled Peterson and Trombka
(1973) to measure the activation in a Nal scintillator directly.
A 7.0 em x 7.0 cm Nal erystal was stowed in the Apollo 17 Command
Module for some 300 hours and passed through the Van Allen belts twice
before it was examined on the pground aboﬁt 1 1/2 hours after re-entry
into the atmosphere. The crystal waé examined by viewing it with a
photomultiplier tube and by exposing it to Ge(Li) detectors and a large
L scintiilation counter. Radioactive muelides 4in the cryatal were
ldentified by the characteristic energles of the gamma rays emitted by
them and by their half lives, Qualitative identification was obtained
for the following nuclides: Na®2 (2,6 yrs), Na2* (15 hrs), I'2> (13 hrs),

124
I (4 days), 1126(13 daya), 1128(25 min) and X3127(34 days), The

Na24 and 1128

127 22 :
I" ', respectively, Na =~ is produced by spallation from Na23, end the

are evidently produced from neutron capture by Na23 and
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other nroduéts result from the spallatidn of T127, The lines at
1,46 VeV aﬁa 2,62 MeV due to K40 and Th were also observed.

Several of the lines seen by the UNH detector are consistent
with these sources. In Figure III-5 we see a pesk near 0.&9 MeV and;
a broad feature between 0.59 and 0,78 MeV, The feature at 0,40 MeV
may be due to the 0.39 MeV line from I'24 together with the 0.4 MeV
line from 1128, 4 feature similaf to the one batween 0.59 and 0,78 MeV
was seen by Peterson and Trombka. This was caused by the following
lines: 0.60 MeV (I'24), 0.67 Mev (1128}, 0.72 Me¥ (1123) and 0.75 Mev
(1'%, |

The local scurce of annihilation radiation is a large number of
positfnn emitters that can be produced by spallation. When these
radionuclides are rroduced in the scintillator itself, they producé
-an energy loss continuum spectrum rather than an annihilation line,
This is because the positrons release energy by ionization losses as
thevy slow down in the scintiliator, prior to annihilation. The CsI
shield, however, should be an important source of 0.51 MeV gaﬁma rays
because of 1ts massiveness and because it surrounds the central deﬁecfﬁrt

‘The theoretical and laboratory analysia of Dyer and Morfill
(1971) indicate that numerous positron emitters can be produced
by spallation in CsI. The most important are: Cs!30(30 min), Cal?8(3
min), Cs126(1.6 min), Xe125(120 min), I*27(4 min), I ~(96 min),

118(3.5 min) and Sb116(15 min). Positron emitters produced in the

Sb*
photomultiplier tube and In the reat of the spacecraft may‘aleo con-
tribute to the detected background, Thé‘multiplicity of positron
emittera makes the analysis of the background rate into various

o
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contributors prohibitively difficult in this experiment., Instead, the
telescopic properties of the detector are used to distinguish local pro-

duction from external sources,
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